WE  FILE  O-  ’•  ?,m 

_ _  i  ■  •  '  ■  -  * 

*  *■'  •  -*'1  #.  -'-H.  V°  ’  fj$|r  *s^y-*  '  f  ^  .*fK*qp«!i 

FIRST  INTERNATIONAL  SYMJpj,iyM 


M-j 


ON  SPECIAL  TOPICS  IN  GHEMIG^l] 


' r<  -.4 1 


PROPULSION  :  BASE  BLEED1M5S?, 

V.*  _A*v-v2 


&  <  ’* 


m 


a3:  a. 


ATHENS,  GREECE 


NOVEMBER  23,  24,  25  1988 


‘  *.  -  >»  y*»  .  •  —  *  ■ 

-  f’*'?  % ,'T^V? 

.... 

■'  V...  V  :-:'SpCi§L 


■  vii.:  ::3?S5S^5 

•  -  .*  ,i 

:  SPONSORS 

,•  .  V;  ■ 

.'  .  r-O'-’  .■ 

•-•  •  •".  •K$W4bKt3&s: 


■  ii  wZS':Z2&& 

,  .  .»  ,; ,  •  >  .-<  r-':l  >vyf 
»  ••  -  C  i.  '  —'-■4,?.  t/T*Vr  i<Mf 


^'-Fleming 


.  :  >> 


DJ3TRTBUTION  STATEMENT  A 


Approv«xl  !o:  public  r»l*as«; 
Di’lribu'J-.n  uuiimitod 


/ 


PROCEEDINGS 

Of  THE 


FIRST  INTERNATIONAL  SYMPOSIUM  ON 
SPECIAL  TOPICS  IN  CHEMICAL  PROPULSION  : 


BASE  BLEED 


p/ij/WS 


23  -  25  November  198B,  Athens  Hilton,  Greece. 


STEERING  COMMUTES 


K  K  Kuo,  Per.r.  State  University,  Chairman 
B.  Zeller,  SNPE 

VV.  C.  Strahle,  Georgia  Technical  Institute 
G  V  Bull,  SRC 

j,  N  Fleming,  PCI,  Symposium  Coordinator 


Cover  photo  shows  a  155mm  fcxtendea  Range  Base  Bleed  projectile,  being  fired 
rom  a  FGFI  1 S5  Howit/ec  Photo  courtesy  of  Space  Research  Corporation) 


n  ' "  a 


o 


t  r  9  q  o 

1  !  *  CiV  V  )  r.J 


PREFACE 


This  symposium  has  been  organized  to  review  the  state-of -the-art  an  <h*j 
development  of  base  bleed  projectiles  and  its  related  research  It  was  conceived 
to  fill  the  gap  in  the  coverage  of  this  new  field  of  major  technical  and 
commercial  interest.  Although  other  meetings  have  included  a  few  papers  cn 
Base  Bleed,  it  has  not  previously  been  possible  to  devote  any  depth  to  this 
cuDjact.  Since  base  bleed  projectiles  have  recently  been  seriously  considered  for 
production  in  several  countries,  and  wiil  likely  become  standard  ammunition  in 
the  armed  forces  of  many  nations  in  the  ne:rt  decade,  the  need  for  such  meetings 
is  apparent. 

It  is  intended  that  a  series  of  symposia  on  Special  Topics  in  Chemical  Propulsion 
will  be  held  in  the  future.  It  is  tentatively  planned  to  hold  the  second  meeting  in 
the  United  States  or  West  Germany,  in  Spring  of  1990,  v/ith  the  provisional 
subject  area  being  Combustion  of  Boron  and  Metal  Particles  in  Solid-Propellant 
Flames,  it  is  also  anticipated  that  this  meeting  will  be  held  under  the 
chairmanship  of  Professor  Kenneth  K.  Kuo  with  sponsorship  to  be  provided  by 
interested  parties. 

Following  this  meeting  we  will,  with  the  help  ct  the  authors  of  the  various 
papers,  edit  these  proceedings,  whiun  will  then  be  published  by,  and 
commercially  available  from,  hemisphere  Publishing  Corporation. 

We  would  like  to  take  this  opportunity  to  acknowledge  the  financial  assistance 
given  towards  this  meeting  by  the  European  Keseareh  Office  o'  the  United  Suites 
Army  (London,  U  K.)  and  by  Space  Research  Corporation  (Brussels,  Belgium).  We 
would  also  like  to  thank  Mrs.  Ginny  Smith  for  her  great  help  i r.  maintaining 
excellent  records  of  conference  papers,  .ummunication  between  various  parties, 
and  in  development  of  the  meeting  program. 

Kenneth  K  Kuo 
Symposium  Chairman 
Disti  >ginsn&d  Alumni  Professor  of 
Mechanical  Engineering 
The  Pennsylvania  State  University 
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UA.SK  bleed  technology  jn  perspective 


Or.  (i.V.  Bull 
G  r  o  u  p  P  r  e  s  i  cl  e  n  t  ,  S  RC 


INTRODUCTION 

In  scientific  matters,  as  true  in  any  general  relating  of 
human  affairs,  the  versions  of  historical  events  often 
differ  radically  dependent  on  the  historian.  Often  there 
exists  a  valid  basis  for  the  differences;  unfortunately,  and 
more  frequently,  there  does  not.  The  twisting  of  truth  to 
perpetuate  unfounded  propaganda  justifying  past  actions,  or 
to  inflate  national  or  personal  roles  played,  is  the  common 
stuff  of  history.  The  mixed  blessing  of  alledged  jour¬ 
nalism,  constituting  the  public  media  and  often  used  as 
source  references,  generally  relates  more  propaganda  then 
reality.  A  short  reference  period  in  any  archives  reveals 
to  the  reader  yesterday's  "newspapers"  filled  with  yester¬ 
day's  lies.  Probably  more  wars  and  chaos  have  been  created 
by  media  propaganda  than  any  other  single  source. 

The  above  may  seem  somewhat  irrelevant  to  the  technical 
subject  of  this  meeting.  However  I  believe  it  appropriate 
in  view  of  the  rapid  developments  that  have  taken  place  in 
the  application  of  the  technique  of  Base  Bleed  to  artillery 
in  the  last  decade.  These  accomplishments  in  the  practical 
application  field  tend,  for  a  variety  of  reasons,  to  over¬ 
shadow  the  lengthy  historical  base  on  which  the  technology 
rests.  Since  the  papers  in  this  conference  are  dedicated  to 
the  status  of  the  applied  development,  it  was  f?lt  ap¬ 
propriate  to  include  at  the  outset  a  brief  review  of  the 
history  of  the  relative  aerodynamic  and  aero-mechanical 
background  with,  of  course ,  a  .look  at  the  presently  un¬ 
resolved,  complex  problems. 


FLOW  ABOUT  BODIES  OF  REVOLUTION 


The  General  Flow  Field 

By  simple  application  of  the  conservation  of  momentum 
principle,  Sir  Isaac  Newton  deduct  d  the  general  relation 
that  a  flat  plate  inclined  at  an  angle  to  the  airstream 
would  have  forces  acting  on  it  parallel  and  perpendicular  to 
the  flow  velocity  vector  of  the  general  form  : 


Force  -  Constant  .  1/2  p  V “ 

where  p  is;  vhe  air  density  and  V  is  the  freestream  velocity. 
(The  constant  for  the  vertical  component  being  proportional 
to  the  sine  of  the  angle  of  inclination  to  the  flow'  stream)  . 

This  deduction  failed  to  take  into  account  the  potential 
nature  of  flow  fields  wherein  the  disturbance  to  the  flow  by 
the  body  is  propagated  throughout  the  surrounding  flow 
fields.  For  the  case  of  irrotal  ionai ,  inviscid  flow,-  the 
potential  field  defines  streamlines  which  must  satisfy  the 
Laplace  equation  ; 

V  2  4  =  0 

with  the  flow  being  affected  significantly  at  large  dis¬ 
tances  from  the  body.  Early  attempts  by  mathematicians  to 
determine  the  effect  on  bodies  immersed  in  irrotational  flow 
fields  resulted  in  D’Alembert's  paradox  (1744)  that  no  net 
forces  could  be  developed.  The  introduction  of  the  concept 
of  circulation  (Helmholtz)  implying  vorticity  and  rotational 
flow  led  to  the  solution  of  the  inviscid,  incompressible 
flow  equations  yielding  the  relations  : 

L  =  p  K  V  ,  D  =0 

where  L  is  the  lift,  force,  D  is  the  drag  force  and  K  is  the 
c  iroulat ion . 

The  resolution  of  this  paradox  was  accomplished  by  Prandtl 
(1904)  by  the  introduction  of  the  boundary  layer,  which 
essentially  divided  the  flow  about  a  body  into  two  regimes. 
A  thin  layer  adjacent  to  the  body  surface  had  to  satisfy  the 
no-slip  condition,  so  that  the  fluid  velocity  went  from  a 
zero  value  on  the  wall  surface  to  full  free  stream  value  a 
short  distance  away  from  the  surface.  This  viscous  flow 
layer,  the  boundary  layer,  had  to  satisfy  the  general 
Nav i er -Stokes  equations.  Outside  this  layer  the  field  would 
behave  as  irrotational,  inviscid  flow. 

As  the  flow  progresses  along  a  body,  the  boundary  layer 
increases  in  thickness;  against  an  increasing  pressure 
gradient,  the  boundary  layer  flow  momentum  can  fall  below 
the  value  required  to  sustain  the  flew.  Reversed  flew 
inside  the  boundary  layer  can  occur,  with  eventual  separa¬ 
tion  of  the  boundary  layer  from  the  surface,  such  as  the 
case  of  a  wing  prefile  at  high  angle  of  attack 

While  the  general  aerodynamic  problem  is  not  directly 
relevant,  at  least  in  passing  we  should  observe  that  the 
aircraft  aerodynamic  ist  expended  enormous  effort:  in  overcom¬ 
ing  boundary  layer  separation.  This  work  included  .injecting 
energy  into  the  boundary  lavei  ,  boundary  layer  suction,  etc  . 
In  this  case,  he  was  primal  l  1. y  interested  in  high  lift-  to- 
drag  ratios  and  preventing  the  onset  of  stalling. 

In  relation  to  bodies  of  revolution,  the  axisymnietr  ic  flow 
can  be  divided  into  five  distinct,  but  connected  flow 


regimes  if 
t i a  1 ly  zero 
Figure  1(a) 
noted  as  : 


consideration  is  restricted  to  bodies  at  essen- 
angle  of  attack.  These  are  illustrated  in 
in  the  case  of  supersonic  flight  and  may  be 


1 .  The  inviscid  flow  field  outside  of  the  boundary  layer. 

2.  The  viscous  boundary  layer  flow  to  the  rear  edge. 

3.  The  "dead  zone"  or  cavity  region  terminated  by  a  rear' 
stagnation  point. 

4  .  The  separated  boundary  layer  merging  behind  the  rear 
stagnation  point  into  a  neck,  with  the  turbulant  wake 
flow  after  the  neck  carrying  the  fluid  downstream  and 
expanding,  causing  a  recomprt ssion  shock  to  form  in  the 
outer  inviscid  flow  region. 

5.  The  far  wake  region. 

The  flow  illustrated  in  Figure  1(a)  becomes  considerably 
more  complex  when  examined  in  detail,  and  of  virtually 
unlimited  complexity  for  the  case  of  interest  here,  namely  a 
yawing  body  with  surface  protrusions  and  a  high  spin  rate. 


The  bow  shock  is  curved  through  interaction  with  the  expan¬ 
sion  field  about  the  ogival  shape.  The  boundary  layer  grows 
as  the  flow  proceeds  over  the  body,  its  thickness  and  nature 
a  function  of  the  Reynolds  number  and  Mach  number.  The 
Reynolds  number  dominates  the  boundary  layer  characteris¬ 
tics,  and  is  the  ratio  of  the  fluid  momentum  to  viscous 
forces  given  by  the  dimensionless  relation  : 

vl  pvl 
V  or  u 

where  v  is  the  local  velocity,  1  the  characteristic  flow 
length  and  v  is  the  kinematic  viscosity,  the  viscosity,  M  , 
divided  by  the  density, p.  Surface  roughness,  temperature, 
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F'lGURF.  I  (ai  .  Simplified  illustration  of  flow  about  an 
ax i symmetric  body  at  zero  angle  of  attack. 


pt  otubei ances  (driving  bands,  nubs  etc)  add  to  determining 
the  boundary  layer  and  general  flow  nature. 


The  Wake  Flow 


At  very  high  Reynolds  numbers,  the  boundary  layer  will  be 
extremely  thin;  at  low  Reynolds  numbers,  it.  will  be  of 
appreciable  thickness  at  the  base  of  normal  axi symmetric 
shapes  of  interest.  A  generally  accepted,  overall  model  of 
the  wake  flow  is  shown  in  Figure  1(b)  for  the  case  of  no 
yaw.  Restricting  our  interest  to  the  supersonic  Mach 
number  regime,  we  should  note  that  boundary  layer  flow  will 
consist  of  numerous  internal  layers  which  as  traversed  will 
pass  from  supersonic  adjacent  to  the  free  stream,  through 
the  transonic  regime  to  subsonic  flow  in  the  region  adjacent 
to  the  surface.  As  separation  takes  place  the  inner  sub¬ 
sonic  layer  will  turn  generating  a  Prandtl-Meyer  type 
expansion  throughout  the  supersonic  portion  of  the  flow 
field.  Within,  the  supersonic  portion  of  the  boundary  layer, 
a  lip  shock  may  form  due  to  boundary  layer  expansion  and  be 
propagated  into  the  inviscid  flow  field. 

The  expanding  boundary  layer  will  be  bounded  by  a  separation 
streamline  delineating  the  viscous  region  from  the  main 
inviscid  flow  on  its  outer  surface  and  by  what  has  been 
termed  the  Dividing  Streamline  (DSL)  on  its  inner  surface. 
The  Dividing  Streamline  separates  the  inner  cavity  flow 
region  from  the  viscous  boundary  layer,  and  terminates  in 
the  rear  stagnation  point  which  closes  off  the  near  wake 
cavity  legion  adjacent  to  the  base.  Within  the  cavity 
region  low  pressure,  low  velocity  circulatory  flow  is 
postulated. 


Beyond  the  aft  stagnation  point  a  neck  occurs  in  the  bound¬ 
ary  layer  flow,  with  subsequent  expansion  into  the  far  wake 
region.  This  causes  the  formation  of  the  wake  shock  as 
shown . 


WAKE  SHOCK  WAVE 


F  (1 U RE  Mb) 
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base  flow 


The  flow  i 1  lustrated  is  in  as  simple  a  form  as  possible.  In 
the  more  general  case  the  boundary  layer  at  the  base  prior 
to  or  even  after  separation,  may  be  all  turbulent,  or  a 
mixture  of  turbulent  and  laminar  layers.  After  separation, 
the  boundary  layer  may  have  viscous  mixing  regions,  entrain¬ 
ing  gas  both  from  the  cavity  zone  and  the  inviscid  flow 
zone  . 

Thus  the  detailed  calculation  of  the  base  flow  even  for  the 
case  of  zero  yaw  and  spin,  is  beyond  any  generalized 
treatment.  Clearly  there  will  exist  a  significant  scale 
effect,  where  <5^/0,  the  ratio  of  base  boundary  layer  thick¬ 
ness  to  body  base  diameter,  is  important. 


DRAG  OF  .AX  I  SYMMETRIC  BODIES 

The  total  drag  of  a  non-yawing  axisymmetric  body  such  as 
considered  in  Figure  1(a),  is  generally  considered  as  con¬ 
sisting  of  three  main  components  : 

1  .  Prof '  Le  ( form  or  wave )  drag 
2.  Skin  friction  drag 
3  .  Base  drag 

The  objective  of  the  designer  is  to  minimize  each  of  these 
components  to  obtain  maximum  range  for  a  given  snell  muzzle 
veloc ity . 

The  exact  theoretical  determination  of  all  drag  components 
for  long  range  shell  firings  is  well  beyond  our  present, 
ability.  As  will  be  discussed  in  more  detail,  the  reax 
trajectory  conditions  involve  a  spinning-yawing  shell 
traversing  rapidly  a  large  Reynolds  number  range  and  a 
significant  Mach  number  range.  Semi -empirical  codes  have 
been  developed  which  of  course  are  force-fitted  to  ex¬ 
perimental  long  range  trajectory  observations. 

The  aerodynamic  problem  embraces  the  most  complex  fields  of 
fluid  mechanics.  Compressible  inviscid  flow  solutions  are 
rather  well  understood  untdl  we  get.  into  the  region  of 
"rarefied  aerodynamics"  or  free  molecular  flow.  For  the 
boundary  layer  we  can  start  with  the  <  iassical  text  book  of 
Schlicting  (1 ),  and  note  the  incomplete  but  lengthy 
Bibliography  of  Reference  ( 2 ) ,  a  -eterence  to  be  discussed 
in  more  detail  subsequently.  The  general  fluid  mechanic 
treatises  of  wakes  may  be  considered  as  starting  with  the 
subsonic  case  studied  by  von  Kantian  and  leading  to  the  now 
classical  von  Karma n  vortex  street.  But  the  genera  I  solu¬ 
tion  to  trie  wake  problem  still  presents  a  ma  jot  hurdle  in 
f  ]  u  i  d  me c h  -tin  c  anal  v ses  . 
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FIGURE  2.  Experimentally  determined  drag-velocity 

variation.  (From  Reference  (3)). 


spark  photographic  techniques  to  measure  the  drag  of  small 
calibre  bullets.  By  1912  extensive  data  on  the  drag  of 
various  shape  bullets  existed  as  shewn  in  Figure  2.  In 
spite  of  this,  the  general  major  calibre  artillery  shell 
employed  a  rather  blunt  nose  profile  (approximately  a  3:1 
circular  ogive)  until  October  1914  when  Rausenberger  and 
Efcernard  of  Krupp  tried  a  10:1  circular  ogive  nose  cap  on 
the  31  centimeter  naval  shell.  This  resulted  in  a  range 
increase  of  approximately  50%,  enabling  the  38  cm  Lange  Max 
gun  to  reach  Dover  from  Cap  Gris  Nez  (37  km) . 

Both  theoretical  studies  and  supersonic  wind  tunnel  tests 
were  conducted  during  World  War-  2  by  the  Germans  (4)  to 
d..-:  term  i  no  mini  mum  drag  profiles.  In  general  these  are 
obtained  by  using  an  all  ogival  body.  In  practice  this 
leads  to  problems .  A  front  bourrelet  must  be  provided 
either  by  canted  nubs  or  by  a  discarding  front  sabot  (bore 
rider  i  .  An  i  iiterest  tng  aside  is  that  the  World  War  2  German 
art  ill  ary  effort:  had  started  investigating  nubs ,  an  example 
may  be- seen  in  the  museum  at:  Pi  cat  in  ny  Arsenal  .  The  second 
problem  is  that  of  gyroscopic  stability.  The  ogive  cannot 
be  cc>  rr  i  e  fed  at  the  ait:  end  of  the  body  without  encounter  i  rig 
stub]  i  !, r. y  problems  that  '■  jMiut  be  resolved  in  terms  of 
|.  e  r  m  i  s  s  ;  h;  .1  e  nor.  mu'  : .  h  s  1  1  desjijn  pi  r  ame  t  er  s. 
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it  i  v  i  ng  l  Ui-1  In  general.  the  designer  has  little  control 

■•-•■I  ;  (i  i  s  oi'.f  >u  n  e  n  t  of  lie  total  drag. 
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Tn  i  •»  component  represents  an  appreciable  portion  of  the 
rota;  drag  of  any  shell  configuration.  The  blunt  roar  end 

i!!if  ; qut  at l on  shown  in  Figure  1  represents  (normally)  the 

worst  case.  or  the  case  of  maximum  base  drag.  By  boat- 
ta.  ;  ;  r.g  the  base  drag  can  be  reduced  appreciably.  However 
hti.c  drag  remains  an  appreciable  percentage  of  the  total  as 
shown  by  'he  drag  coefficient  break  down  for  the  nubbed,  low 
dr  ig  profile  boat-tailed  round  shown  in  Figure  3. 


ke  tic  j  nq  the  Base  Drag 

Theoretical  concepts  fer  the  reduction  of  base  drag  date 
back  prior  to  World  War  2.  However  serious  interest  may  be 
considered  to  have  started  shortly  after  the  war.  The 
groups  that  sparked  interest  in  shell  base  drag  reduction 
were  of  course  those  working  in  ballistics.  It  was  well 
known  among  external  ba 1 1 i st i c l ans  that  the  velocity  retar¬ 
dation  of  small  calibre  shells  carrying  tracers  was  less 
than  the  same  shell  without  a  tracer.  It  would  be  futile  to 
enter  into  a  debate  as  to  whether  German,  French,  Russian, 
Fnglish  or  American  ba 1 1 1 st i c i ans  were  the  first  to  observe 
this  As  Figure  2  cleariy  illustrates,  European  small  arms 
ballistic lans  were  measuring  shell  retardation  with  differ¬ 
ing  shapes  by  the  beginning  of  the  present  century. 
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conipniifent.s 

At  ter  World  War;  2  the  general  Interest  i  n  V'e;  tern  countries 
in  major  calibre  ordnance  declined  in  favour  of  other 
systems.  The  decision  of:  the  Wesherve  Id  Board  of  1932 
became  established  dogma.  This  cast  field  artillery  into 
the  role  of  a  close  support  weapon,  resulting  in  no  serious 
requirement  tor  long  range  firings.  However  the  advent  in 
the  field  of  long  range  Soviet  artillery  such  as  the  I  3  0mir< 
system  (27.5  km)  and  the  152  system,  created  a  NATO  require¬ 
ment.  of  30  km  for  the  15  5  system.  With  *1  imitations  placed 
on  barrel  length  (39  calibres) ,  this  range  could  be  obtained 
only  by  absolute  minimization  of  shell  drag  or  by  rocket 
boosting  after  muzzle  exit  (RAF) . 

With  the  relative  abundance  of  super  son  i  c  ,/hyper  son  i  c  wind 
tunnels  that  appeared  in  North  America  in  the  early  post-war 
years  as  a  direct  result  of  the  wartime  German  developments, 
compressible  aerodynamics  experienced  an  enormous  increase 
in  scientific  interest,  both  theoretically  and 
experimentally.  Invisc id ,  steady  state  compressible  fluid 
flow  mechanics  was  relatively  well  advanced  and  understood 
by  1950.  Theoreticians  then  concentrated  on  the  extremely 
complex  areas  of  the  compressible  flow  boundary  layer  and 
wake  f lows . 

Theoretical  concepts  for  the  reduction  of  base  drag  date 
back  well  prior  to  World  War  2.  However  serious  technical 
effort  on  this  problem  may  be  considered  to  have  started 
shortly  after  the  war.  Estimates  of  base  drag  from  fitting 
observed  firing  range  data  were  formuiized  as  early  as  1931 
by  Gabeaud  (5)  in  the  form  : 

-  0.25  for  supersonic  flow 
b 

while  von  Kantian  and  Moore  derived  (1932,  Reference  (6>i  a 
value ; 


b 

max 

while  Hoerner  (  7  1  showed  that  a  good  correlation  with  firing 
results  in  the  supersonic  range  was  given  bv 

C,  -  0.7/M2 
bb 
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Genera  1. 

A  typical  ma  ior  calibre  artillery  shell  leaven  che  muzzle  of 
the  gun  with  some  angular  (yaw)  acceleration.  This  ac¬ 
celeration  comes  from  mass  and  geometrical  misalignments  of 
the  shell  during  bore  travel  and  crovrs  in  magnitude  with 
tube  wear.  The  muzzle  disturbance  results  in  the  excitation 
of  two  froe-fliqht  oscillatory  modes,  with  the  disturbance 
equally  divided  between  them.  The  relatively  low  frequency 
precessional  mode  is  damped  out  normally  after  several 
cycles,  with  the  maximum  yaw  usually  occurring  within  50  to 
100  meters  of  the  muzzle.  The  high  frequency  nutational 
mode  is  damped  out  much  earlier  than  the  precessional  mode, 
and  is  normally  negligible  at  the  point  of  first  maximum 
yaw  . 

For  well  designed  systems  the  maximum  induced  muzzle  yaw 
generally  is  less  than  3  degrees  in  the  new  barrel  case. 
However  as  tubes  enter  the  third  and  fourth  quarter  of  their 
life,  this  initial  yaw  can  be  large.  The  effect,  of  the 
initial  yaw  on  range  increases  with  the  range  of  the  shell, 
and  for  the  vary  long  range  case,  introduces  a  considerable 
correction  factor.  Clearly  the  reduction  in  range  must  then 
consider  the  shell  at  an  angle  of  attack,  with  large 
Reynolds  number  and  maximum  Mach  number  values. 

The  shell  proceeds  through  its  flight  trajectory  with 
aerodynamic  forces  producing  moments  which  result,  through 
gyroscopic  action,  in  a  shell  displacement  angle  in  the 
plane  at  90"  to  that  of  the  applied  aerodynamic  moment. 
This  displacement  results  in  a  gyroscopic  moment  causing  the 
shell  to  maintain  alignment  with  the  flight  velocity  vector. 

However  as  the  shell  traverses  the  large  range  of  Reynolds 
and  Mach  number  as  it  approaches  apogee,  permanent  angles  of 
yaw  (in  the  side  plane!  can  be  present.  In  effect  the 
density  decreases  to  a  value  where  gyroscopic  moments 
dominate.  On  re-entry,  the  shell  recovers  through  damped 
precessional  mode  oscillations  as  it  traverses  the  increas¬ 
ing  density  atmosphere. 

As  interest  increases  in  shells  with  increasing  ranges, 
(ranges  of  up  to  60  kin  <%re  currently  becoming  of  interest)  , 
the  flight  modes  along  the  trajectory  must  be  considered  and 
it  is  obvious  that  effect  of  angle  of  attack  on  drag  cannot 
be  ignored.  This  of  course,  vastly  increases  the  complexity 
of  the  aerodynamic  analytical  problem. 

To  illustrate  the  above  comments  two  cases  of  long  range 
s  h  e  j  1  L  r  a  j  e  t.  o  r  i  e  s  will  b  e  p  r  e  s  e  n  t  e  d  . 

The  Par  is  Gun  She  1  1  Tr  a  jector  y 

This  2  i  Omm  1  0b  kg  spin  stabilized  shell  wu?-  developed  in 
1  v  !  7  .  and  fired  against.  Paris  from  Crbp>y  ••er  J-a  on  starring  or, 
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FIGURE  4.  Paris  Gun  210mm  Shell. 


March  23,  1918.  During  these  firings  it  attained  an  al¬ 
titude  of  43  km  and  a  maximum  range  of  ' 27  km. 

A  recovered  shell,  with  the  rose  cap  replaced,  is  shown  in 
Figure  4.  A  typical  trajectory  (taken  from  Reference  (8)! 
is  shown  in  Figure  5.  It  will  be  noted  that  the  shell 
starts  to  develop  significant  permanent  yaw  (in  the  side 
plane)  above  20  km,  re. toning  an  angle  of  repose  of  ap¬ 
proximately  40’  during  traverse  over  apogee .  The  angular 
recovery  mode  is  shown  in  the  plot  labelled  (b)  in  Figure  5. 


4  5  calibre  ERFB  MK  I  0  MOD 2  Trajectories 


With  a  muzzle  velocity  of  897  meters  per  second 
bleed,  tills  shell  a  tv.  a  i  ns  a  range  of  30  km 
trajectory  plot  for  this  case  is  shown  in  Figure 
it  may  be  noted  that  the  maximum  yaw  angle 
approximately  2  degrees.  When  the  range  is  ex 


r  second  and  no  base 
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FIGURE  5.  Paris  Gun  shell  computed  trajectory.  Muzzle 
velocity  =  1646  m/s .  quadrant  elevation  50'. 


krn  uuinq  base  bleed  the  corresponding  plot  is  shown  in 
Figure  6(b). 

The  previous  discussion  illustrates  the  necessity  of  con¬ 
sidering  the  entire  trajectory  when  considering  drag 
optmi zat Lon  Cor  range.  Among  the  complexities  added  to  the 
simple  cons  i.  deration  of  axirymmetr  i  c  body  drag  at  zero 
degrees  and  a  fixed  Reynolds  number  -  Mach  number  combina¬ 
tion,  must  be  added  che  drag  component  due  to  yaw  and  the 
optimization  over  the  range  cf  Reynolds  number  and  Mach 
...umber  while  aerodynamic  effaces  are  sni  11  significant.  The 
•  ange  of  Reynolds  number,  P  ,  and  Mach  mu. ter,  Ml,  ex¬ 
perienced  by  the  two  projectiles  can  be  seen  in  Figures  6(a) 
and  6 ( b ) . 


REDUCTION  Or  RASE  DRAG  :  BASE  BLEED 

Reference  (9),  dedicated  to  establishing  the  state  of 
knowledge  on  wake  flows  and  base  drag  redaction,  published 
in  1976,  must  be  studied  as  a  base  lino  work  on  this  topic. 
It  co . ers  at  least  all  the  major  work  up  tc  that  time, 
including  injection  through  the  boundary  layer  ahead  of  the 
base,  the  effect  on  base  drag  of  plates  mounted  downstream 
free.  the  tisfi  on  stings  attached  to  the  base ,  cold  gas 
injection  into  the  wake  through  the  base,  ana  base  injection 
with  combustion  in  the  wake. 

At  the  time  this  study  was  being  compiled,  no  practical 
system  had  been  devised  (excluding  tracers  on  small 
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FIGURE  6(a).  155mm  ERFB  MK I  0  M0D2  maximum  range  trajectory 
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FIGURE  6(b).  155mm  ERFB/BB  maximum  range  trajectory. 


calibres)  to  apply  this  to  major  calibre  artillery  shells. 
The  first  successful  system  in  fact,  was  then  in  the  test 
and  development  stage  in  Sweden.  It  was  brought  to  North 
America  with  the  major  firing  series  in  Antigua  conducted  in 
1978  (10).  The  grains  used  were  carboxyl  terminated 
polybutadi  ene/ainmon  l  urn  perchlorate  manufactured  in  Sweden  to 
fit  the  SRC  ERFB  MK1 0  M0D2  projectile.  Swedish  engineers 
supervised  the  tests,  which  yielded  the  almost  30%  increase 
in  range  predicted.  Because  of  its  assigned  carcinogenic: 
nature,  the  Swedes  switched  to  hydroxyl  terminated 
pc  1  ybutadi  ene/ammon  i  urn  perchlorate  grains  which  for  all 
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practical  purponos  are  identical  in  performance . 


The  mot  hod  used  in  mounting  these  grains  in  the  base  of  the 
ERF'B  MKI  0  MOD 2  projectile  is  illustrated  in  Figure  7.  This 
simply  involved  replacing  the  boattail  by  a  conical  section 
with  a  closed  end  cap  and  a  central  orifice  of  sufficiently 
large  diameter  to  ensure  subsonic  flow  into  the  cavity  wake. 
The  inside  geometry  was  such  as  to  accept  the  cylindrical 
shaped,  sectioned  grain,  inhibited  on  all  surfaces  other 
than  the  central  annulus  and  the  section  cut  surfaces.  A 
diaphragm  seals  the  grain;  as  the  pressure  builds  up  to  the 
shot- start  value,  the  diaphragm  is  ruptured  and  the  hot  gun 
gas  flows  through  the  orifice  and  about  the  grain.  Some 
indications  exist  that  the  grains  are  floating  in  the  hot 
gas,  and  do  not  build  up  to  the  full  spin  rate  of  the 
projectile.  The  in-bore  and  muzzle  exit  conditions  are  of  a 
complexity  that  while  some  effects  can  be  observed,  detailed 
analysis  is  beyond  the  present  state  of  the  art.  The  grain 
and  igniter  begin  burning  probably  at.  or  near  the  seating 
position,  and  then  experience  the  full  in-bore  gas  pressure 
during  shot  travel  down  the  bore.  At  exit,  the  sudden 
pressure  drop  causes  quenching  of  the  grain  burning,  but 
only  sporadically.  The  igniter  ensures  continued  grain 
burning  after  muzzle  exit. 

Returning  to  the  flow  models  of  the  wake,  the  optimum  condi¬ 
tion  would  be  when  the  momentum  flux  is  such  as  to  restore 
the  base  pressure  to  the  full  freestream  value.  The  tem¬ 
peratures  of  the  products  of  complete  combustion  lie  in  the 


range  of  1000  l  u  ,'000  "C,  dependent..  or,  compos.'  Lion  . 
Photograph  1c  evidence  shows  the  presence  of  combustion  in 
the  wake  during  at  least  hue  early,  and  most  critical  part 
of  the  trajectory.  Thus  .in  practice ,  a  satisfactory 
theoretical  model  must  include  combust  ion-heat  transfer 
across  the  dividing  streamline,  through  the  separated  bound¬ 
ary  layer  flow  and  into  the  main  stream. 

Various  models  can  be  postulated,  and  solutions  to  the  wake 
flow  presented  under  severely  restrictive  assumptions,  at 
this  time  not.  adequate  to  describe  the  real  case.  In  Figure 
8  we  look  at  various  idealized  conditions.  In  Figure  8(a) 
che  base  bleed  mass  flow  .is  shown  for  the  less  than  optimum 
case;  in  (b)  the  optimum  case  is  sketched  from  the 
simplified  assumption  that  the  momentum  flux  into  the  cavity 
wake  restores  the  pressure  at  the  dividing  streamline  to 
freest.ream  value,  so  that  the  mixing  processes  cause  the 
boundary  layer  to  be  simply  a  thin  dividing  shear  layer 
between  the  mainstream  flow  and  the  lower  velocity  wake 
flow.  Heat  transfer  across  the  shear  layer  to  the  main 
stream  flow  will  add  considerable  complexity  to  the  analyti¬ 
cal  model.  Typical  smear  photographs  illustrating  a  wide 
range  of  base  bleed  wake  flow  conditions  are  shown  in 
Figures  9 ,  10  and  1 1 . 


TRAJECTORY  OPTIMIZATION 

In  any  long  range  trajectory,  the  projectile  is  traversing 
rapidly  a  large  Reynolds  number  range  during  its  ascent. 
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a)  LOW  INJECTION  FLOW  RATES 

turratOKK  flc* 


b)  OPTIMUM  INJECTION  FLOW  RATES 


FIGURE  8.  Schematic  of  base  flow  with  base  bleed. 
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FIGURE  9.  Smear  photograph  of  base  bleed  projectile  showing 
Less  than  optimum  base  bleed  mass  flow. 
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FIGURE  1 1 .  Smear  photograph  showing  greater  than  optimum, 
supersonic  type,  base  bleed  mass  flow. 


Assuming  that  the  optimum  conditions  could  be  achieved,  this 
would  imply  a  continuously  varying  mass-momentum  flux  from 
the  base  to  the  wake.  Furthermore  it  would  imply  a  detailed 
knowledge  of  base  bleed  -  wake  flow  characteristics.  To 
date  the  optimization  is  a  trial  and  error  proposition  based 
on  fixed  grain  properties  and  any  variation  in  combustion 
rate  caused  by  the  change  in  the  surrounding  ambient  air. 

During  the  last  decade,  the  base  bleed  concept  has  been 
applied  to  a  wide  range  of  projectiles  in  many  different 
countries.  One  might  say  that  the  state  of  the  applied 
field  has  advanced  far  ahead  o;  the  derivation  of  satisfac¬ 
tory  fluid  dynamic  models.  Contrary  to  the  conclusions  of 
Reference  (11),  range  increases  in  the  order  of  30%  have 
been  achieved,  well  exceeding  the  10%  estimate  (matching 
RAP)  he  concludes  as  a  limit  on  base  bleed  systems. 


Firing  Results 

Hoping  not  to  appear  parochial,  out  because  of  the  simple 
reason  that  this  is  the  only  projectile  for  which  the  author 
has  access  to  data,  the  performance  of  the  base  bleed  ver¬ 
sion  of  the  ERFB  MK 1 0  MOD2  projectile  will  be  presented  in 
concluding  this  presentation,  and  as  typical  of  all  systems. 
At  tr.e  outset,  it  should  be  noted  that  the  base  bleed  system 
only  reduces  projectile  drag,  and  does  not  apply  thrust. 
Thus  dispersion  is  not  affected,  other  than  malfunctions 
causing  the  base  bleed  drag  reduction  to  vary.  This  results 
in  increased  range  dispersion,  but  no  variation  in  deflec¬ 
tion  dispersion.  For  fully  developed  systems,  the 
reproducibi 1 i ty  of  drag  reduction  by  base  bleed  is  such  that 
no  increase  is  observed  in  range  dispersion,  the  values  for 


TABLE  1 . 


Results  of  Typical  Firing  Series. 


Probable  error 


Muzz  le 

Velocity,  m/s 

Range , 

rn  Range 

Def lection 

ERFB 

897.6 

3  0577 

.376% 

.97  mils 

ERFB/BB 

899.9 

3  9  15  3 

.324% 

1.03  mils 

probable  error  in  range  using  the  data  reduction  techniques 
of  Reference  (12)  lying  between  0.3  and  0.45.  Table  1  shows 
typical  firing  results  of  the  ERFB  MK10  MOD2  projectile,  and 
of  the  base  bleed  version. 


CONCLUDING  DISCUSSION 

In  no  way  can  this  paper  claim  to  be  more  than  a  superficial 
scanning  over  the  difficult  subject  of  wake  flows  and 
trajectory  analyses.  However,  hopefully,  the  papers  to 
follow  covering  the  current  work  in  the  many  practical 
aspects  of  manufacture,  supported  by  advances  in  theory, 
will  at  least  allow  it.  to  qualify  as  an  acceptable  introduc¬ 
tion  to  these  more  qualified,  specific  treatments. 
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STUDY  OF  TUB  PYHOT  ECHNIO  COMPOSITION  USED  A S  THE  BASE  BLEED  PROPELLANT 


Pan  Gongpei,  Znu  Chang jiang  and  tfang  Zhaoqun 
Department  of  Chemical  Engineering,  East  China  Institute 
of  Technology,  Nanjing,  China 


INTRODUCTION 


The  recent  base  bleed  propellants  used  in  base  bleed  projectiles  are 
usually  the  composite  propellants  of  which  essencial  components  ajj-e 
hydroxy  terminal  polybutadiene(HTPB)  and  ammonium  perchlorate( AP)  . 
However,  our  research  completly  bases  upon  the  pyrotechnic  field  and 
aims  at  selecting  the  optimum  formulation  of  pyrotechnic  composition  as 
a  base  bleed  propellant.  It  would  make  the  shooting  range-increasing 
effect  for  base  bleed  projectiles  to  raise  and  have  good  igniting  pro¬ 
perty,  simple  process  of  manufacture  and  low  cost. 


A  series  of  tests  were  carried  out  which  include  the  wind  tunnel  test, 
the  dynamic  analogure  test  and  the  live  ammunition  flight  test  for  the 
compositions  with  Sr(NO^ ) --Mg-CaHes  -additive  or  Sr (NO ^I^-Mg-AP-additive. 

And  satisfing  results  of  the  tests  have  been  obtained. 


EXPERIMENT  METHODS  AND  CONDITIONS 


1 .  Samples 

In  the  live  ammunition  flight  survey  test,  the  samples  are  processed 
according  to  the  bullet  structure.  The  sample  used  in  laboratory  is 
shown  in  Figure  1. 


*  CiaH.es — Calcium  resin 


-  ignition  charge 

- intermediate  fire 

-  Second  charge 

— . -  First  charge 


ligure  1 .  Gamble  used  in  laboratory 


Measurement  of  Temperature 


The  temperature  sensor  i-s  a  W-Ke  thermocouple,  figure  2  shows  the  sche¬ 
matic  arai'ing  of  measuring  the  combustion  temperature  of  the  sample. 


).  Amount,  of  the  Ejected  das 

Jts  measuring  device  is  snown  in  figure 

A.  dynamic  Analogure  Test 

In  this  test,  the  1 4 . 5mm  machine  gun  is  used  to  shoot  live  ammunition. 
The  flight  velocity  of  the  bullets  is  measured  by  means  of  a  velocity 
radar.  And  we  evaluate  the  effect  of  drag  reduction  on  the  attenuation 
of  the  velocity. 


5.  Live  Ammunition  flight  Survey  Test 

Under  the  same  conditions,  the  effect  of  drag  reduction  or  the  shooting- 
range-increasing  effect  is  to  be  determined  through  the  comparative 
flight  test  in  which,  the  bullets  load  with  the  base  bleed  agent  and 
without  it. 


THE  RESULTS  OF  THE  TESTS 


1.  Selection  of  the  formulations 

Test  result  for  Sr( NOy  ^-Kg-Cahes  formulation.  Under  the  static  condi¬ 
tions,  the  test  result  for  this  type  of  formulation  in  terms  of  combus¬ 
tion  temperature  and  velocity  is  shown  iri  Table  1. 

it  cun  be  seen  from  Table  1  that  the  formu Lation  with  K=0.4?  has  rela¬ 
tively  high  temperature.  The  observed  value  of  the  ,•  as  produced  according 
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Fi  gure  5 .  novice  of  measuring  amount  of  the  ejected  gas 


to  this  formui »t ion  is  34B„8ml/g.  The  average  molecular  weight  is  33.15, 


The  wind  tunnel  test  showed  that  the  formulation  with  k=,0.47  has  poor 
performance  "f  combustion  at  the  low  pressure  an  well  as  poor  effect  on 
the  reJ-cti  ai  of  drag  isee  Table  2) . 


Adjustment  tost  for  the  formulation  of  BriNO^) ^-Mg-CaHes  type.  The 


adjustment  tests  for  the  formulation  were  carried  out  with  the  addition 
of  AP  :r  u  the  removal  of  uOP ( dioctyiephthalate )  so  as  to  keep  the  fluc¬ 
tuation  of  the  oxygen  balance  within  a  small  range  ( K=0 . 40-0 . 48) .  The 


Table  1.  Formulation  Teat  for  8r ( NO3  ) 2-Mg-CaKes 


No  . 

Fn 

rmuiat  ion 

Oxygen 
diff . 

n 

Guaranteed 
coef f . 

K 

Combustion 
temp . 

T('c) 

Combustion 
veloci ty 
u ( mm./ s ) 

Or  ( NO  -j ) 

2  Mg 

CaKea 

OOP 

1 

69 

20 

10 

1 

-19.0 

0.63 

1  90  5 

2.77 

2 

0  4 

2  9 

10 

1 

-20.2 

0.94 

1942 

2.80 

5 

M  .  9 

27. 

9  10 

1 

-22.0 

0.90 

20  5B 

2.96 

4 

59 

50 

10 

1 

-25.4 

0.47 

2 1 00 

5.28 

b 

o4 

55 

1  U 

1 

-  50 . 5 

0 .40 

1942 

3.2  6 

6 

4  ! 

40 

10 

1 

-  }  v  .  7 

0.54 

1  035 

2.59 

Tab  1  e 

2  .  Result 

of  itie  wind  Tunnel 

Test  for 

er  1,  No 

•5)2  -Mg-CaKes 

lormulat ions 

8  t  a  b  1  e  p  r  e  s 

sure  in  the 

Pressure  after 

wind  tunnel 

lkg/cm^) 

combust  i  on  l  kg  /  oai^) 

No  . 

fcxreiii* 

Abso 1 u  t  e 

E x c e r s  A  b  s  0 ) ute 

Remarks 

prei.ii  ure 

pre  '.>:.urc 

pressure  pi-essure 

1 

-  - .  4  --5 

.0 . 9967 

-0 . 564v  +0 . 6  9b 

2 

— 0 .4951 

+  0.941,  > 

- 

u n i gn i t m 

5 

-n.4'  50 

« 0 .  ‘>  y  'u 

_ 

un  ign  i  ted 

4 

-  ■  o  .  4  4  .5  5 

♦  0  .  ')  1 

- 

un 1 r n i tea 

j 

-n.4;,  54 

.  U  . 

-0.54  48  i-O.  6-.  2 

6 

■  .1.4  ,51 

rJ,  54  69 

- 

u  n  i  r  r:  i  t  *  ■ 

7 

-u . 44 55 

+  0  .  ■)  ;f  7 

.. 

uni.  niteo 

_ _ 

8 

I 


v'.;i 


Tab  1  e 

5.  Adjustment  Te 

at  fur 

-  the  fu 

emulation 

of  Or  (NO  7)v,  -Mg~CaHes 

Typ 

No  *  — 
or 

For mu  tat i on 

(N0j)2  Mg  AP  Cades 

oxygen 

d  i  f  f  . 

n 

Guarantee 

coef  f . 

K 

■  d  C  o  m  b  u  s  t  i  o  n  C  o  m  b  u  s 
temp.  time 

T  (‘c  )  t  (  s 

t  i  o  n 

) 

i 

41  .4 

21.9 

19.7 

1  9 

-  .52 .  B9 

0 .40 

1 700  7  77 

? 

4  9.0 

.5  9.0 

20.0 

10 

-29.51 

0.41 

2979*  3.4 

j 

59.9 

2b.  b 

29.7 

1  2 

-29.1  1 

0.42 

1 b92  7.4 

4 

50 . 6 

.52.2 

27.2 

10 

~26.()7 

0.44 

1990  6.1 

9 

29.4 

5  5 . 9 

27.7 

9 

-29.04 

0 . 4  9 

2094  9.2 

6 

2b .  2 

.59.6 

2i  .2 

b 

-»2  4 . 2 1 

0.46 

21 6b  4.9 

7 

26.0 

39.0 

29.0 

b 

-21  .24 

0 . 4  b 

221b  4.9 

9 

*  Uata  obtained  under-  the  conditions  of  rotating  at  lb, 000  rpra. 

result  of  the  adjustment  test  is  shown  in  Table  5. 

It  base  been  proved  by  the  tests  that  the  adjusted  formulation  has  made 
improvement  in  the  performance  of  combustion  and  also  increased  the 
combustion  temperature  in  a  certain  degree.  In  particular,  for  the  No. 2 
formulation,  the  combustion  temperature  has  been  raised  by  a  considerable 
margin  under  the  conditions  of  rotation. 

The  gas  yield  out  of  the  composition  with  this  formulation  is  44Bral/g. 

The  average  molecular  weight  is  29.46. 

Test  J  r  the  formulation  of  AF-Mg-CaHes  type.  To  reduce  the  molecular 
weight  still  further,  br(N0j)2  is  entirely  replaced  by  AP,  and  the 
characteristic  curves  obtained  from  the  tests  are  shown  in  Figure  4. 

The  observed  quantity  of  the  gas  yield  out  of  this  type  of  composition 
is  5Y6-690ml/g,  The  average  molecular  weight  has  been  lowered  below  29. 
However,  its  mechanical  sensitivity  is  rather  high,  hence  the  difficulty 
in  manufacture. 

lest  for  the  formulation  of  lir(H0  j)  2-Mg-AP-add i t ive  type.  In  order  to 
further  raise  the  combustion  temperature ,  low  the  average  molecular 
weight  and  especially  oromote  the  secondary  combustion  of  the  product, 
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i-  Igure  4.  Character  is  t  i  c  curves-  o ;  the  relationship  between  com  bus.  t  i  cn 
temperature ,  time  ami  ingredient  ratio  of  the  AP-Mg-Caii  es  compos  i  t  ion , 

•  a)  luring  static  combustion;  (h)  during  rotational  rc-mbu  s  t  i  on 


tests  have  been  per  formed  for  the  formulation  of  i!r  ( NO  5 )  p-Mg-  AP-ud  d 1 1  i  ve 
type. 


oy  selecting  the  suitable  additive,  this  type  of  formulation  will  muke 
the  gas  ejection  agent  with  a  Lov  combustion  velocity.  As  an  example 
in  which  naphthalene  was  chosen  as  the  additive,  the  result  of  the  wind 
tunnel  test  is  illustrated  in  Table  4. 

Figure  9  shows  the  result  for  present  composition  and  the  HTPB-AP  com¬ 
posite  propellant  in  the  wind  tunnel  test  when  the  Mach  number  is  res¬ 
pectively  1.5,  1 .75  and  2.9. 

With  the  incroas  of  the  Mach  number,  the  base  bleed  composition  with 
the  forinul  ition  of  hr  ( NO  < )  2-Hg-aP-addit  ive  can  produce  more  excellent 
effect  of  drag  reduction,  figure  6  give  the  curves  of  the  change  of  the 
bullet  base  pressure  with  that  of  the  combustion  time  (Pfo-t  curve)  for 
this  pyrotechnic  composition  with  the  additive  naphthalene  when  M=1.3 
and  M=2.9. 


2.  dynamic  Anaiogure  Test 

In  this  test  according  to  the  aforementioned  method,  the  reentrant  on 


Table  4.  Amount  of  the  Base  Drag  Reduction  in  Wind  Tunnel  Tests 


No. 

Mass  flow  rate 
(kg/s) 

Mach  number 

M 

Jet  parameter 

I 

Kate  of  base  drag 
reduction 

1 

2 .70X10-3 

1 .72 

1  .  9b  XI 0- 5 

90 

2 

4  .09X10-5 

1 . 72 

2 . 59xiO-^ 

61 

3 

b. 90X10"^ 

1  . 72 

3.43x10-3 

69.9 

4 

6.1  5X10"’^ 

**  .  >2 

7. 6b  xi  o~J 

7H 

5 

d.26*IO~5 

.  72 

10 .00  xiO”^ 
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.figure  6,  Curves  of  change  of  the  b&se  pros  sure  wi  t>.  v 
t.  ime  when  (  a  '  M- 1.5;  lb)  M=>  2.  5 


th.e  anaiogure  buLJet  bass  is  loader*  with  the  gas  eject! 
br(hO;Jy-hg-AP~additive  by  pressing.  The  test  result  •« 
7.  The  curve  B  illustrates  the  change  of  the  bullet  dro 
(Oj))  wit',  tnat  of  Macn  number  for  the  formulation  of  wfc 
nap hthalene , 


5.  Live  ammunition  flight  Survey  Test 

lest  result  on  amcUl-caribrg  bullets.  The  test  was  per 

of  a  5  /mm  aerogun.  The  result  InoleateJ  that  the  57mm  b 
loaded  with  present  base  ••  »ed  cororou:  lion  had  slow  at  '; 
maining  velocity  (V  )  (see  Table  5)  and  good  effect  on 
(see  c igure  by , 

Test  result  on  mediuo-co  1 1  tre  bullets.  *  1  7«?mm  homisnr 
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Table  6.  Vbu  noma  in  in,"  Vylool  ly  of  ho  Bulla  Is  in  thy  hive  Ammunition 

flight  ..urve/  Tent 


Bullet,  kind  '  7rnm 

fouJu* 

bullet  vnthout. 
bleed  agent 

67mr.i  bullet  with 
base  bleed  agent 

66mm  bullet 
( foreign) 

nutlet,  weight 
!.g> 

740 

640 

660 

Initial  velo¬ 
city  Vivm/s) 

1000 

1  1  62 

1  1  76 

if  1. ant  rang elm)  tf 

s)a)  V  r ( m/ s ) 

1 1  a  )  V  r  l  m  /  s ) 

t(s)  Vr(m/s) 

2o00 

2.67 

6  66 

2.09 

796 

2.16 

720 

6000 

4 . 

446 

6.46 

666 

6 . 76 

660 

4000 

7 .  "to 

624 

6.16 

64  6 

6.96 

666 

6000 

1  1  . 76 

244 

7.10 

444 

9 .  I  6 

292 

600 

6.46 

'691 

6000 

9.71 

667 

a)  t- -flight  time 


this  test.  Its  result  is  shown  in  Table  6, 


uisjuaiiONs 

.Basing  on  the  design  principle  of  the  base  bleed  propellant2,  our 
r  nets  am  h  must  take  the  following  into  consideration:  (a)  relatively 
low  comoustion  velocity  or  mass  ejection  rate;  (b)  relatively  high 
temperature  of  ejected  gas  ;  vc)  relatively  lov  molecular  weight  of 
the  ejected  gases;  (d)  combust . on  in  the  wake,  i.e.  ,  the  secondary 
combustion.  It  to  considerable  that  the  pyrotechnic  composition  consisted 
of  dr (NOj jg-Kg- A*'-8.'icSif-.ive  can  essencially  conform  to  the  above  principle 
as  the  base  bleed  propellant.  Its  combustion  velocity  is  low,  combustion 
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Table  6.  Ghooting  1  nereas  Luff  Effect  in  I,  l  vo  Ammunition 

i*'  L  t  Kb  t  Purvey  Tost. 


kind  of  base 
bleed  agent 

V  . 

G hoot ing 

range; 

Pr  eel 

s  ion 

o  hooting  ra*v. 
i  norv.-u;  intr. 

rate  ( /) 

i 

(  11/  s 

)  Bui  Let  Aa ‘ 

Bu  L 1 e t 

Hb) 

i)e  f  1  ec- 
t  i  on  (  m ) 

Range 

or (NO ^ ) ,~mg 
- rtP-add i t i vo 

550 

■  1  100b 

1  30  31 

7 . 5 

1  /  2  3  7 

lb.  4 

Ditto 

5  20 

1  2877 

1  5027 

V • 

3.1 

1/233 

16.7 

0  1 1,  1 0 

690 

1  7500 

21  Bb7 

12.7 

1/279 

25.1 

HTPB-AP 

550 

1100b 

1252b 

17.5 

1/220 

12.0 

a)  the  original  bullet;  b)  the  bu]  let  oaded  with  the  base  bleed 
composi tion 


temperature  is  high  because  of  the  GrO,  MgO  in  its  combustion  product, 
and  the  Mg  powder  with  low  molecular  weight  easily  evaporates  as  its 
low  boiling  point ( 1 lOOfc)  and  makes  the  secondary  combustion  in  th' 
wake  of  tiie  bullets  in  flight.  By  comparsion,  the  HTPB-AP  composite 
propellant  is  not  as  good  as  it  at  ail.  as  a  result,  the  practical 
effect  of  the  present  composition  as  a  base  bleed  propellant  all  is 
better  than  the  HTPB.-AP  composite  propellant  in  both  the  wind  tunnel 
test  and  the  live  ammunition  flight  survey  test. 

2.  With  the  pyrotechnic  composition  as  the  gas  ejection  agent,  it  is 
possible  to  reduc  the  average  molecular  weight  of  the  combustion  pro¬ 
duct  in  the  same  tyoe  of  formulations.  Table  1  and  Table  2  list  the 
same  type  of  formulations.  In  Table  1,  the  average  molecular  weight  of 
the  adjusteu  formulation  No. 4  Is  33.15,  while  in  Table  2  the  average 
molecular  weightof  the  adjusted  formulation  No. 2  goes  down  to  29.46. 

If  ail  the  oxidizer  is  to  be  replaced  by  AP ,  the  average  molecular  wei¬ 
ght  of  this  type  of  formulation  can  be  reduced  to  less  than  25. 

3.  The  application  of  the  pyrotechnic  composition  to  incroas  the  sh¬ 
ooting  range  of  the  bullet  is  feasible.  Under  certain  conditions,  it 
can  raise  the  shooting  range  by  a  big  margin  and  has  such  character¬ 
istics  as  being  simple  in  process  of  manufacture  and  being  low  In  cost. 
It  can  be  anticipated  that  the  use  of  the  pyrotechnic  composition  as  a 
base  bleed  propellant  has  great  potentialities. 
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t  HE  BASE  BLEED  IGNITER 


Negoicio  mr  DragosLav 


1  .  INTRODUCTION 

This  paper  presents  some  problems  connected  with  the  de¬ 
sing  and  development  of  igniters,  some  examples  of  existing 
igniters,  the  base  bleed  propellant  ignition  in  static  co¬ 
nditions  and  the  posibiiity  of  the  base  bleed  propellant 
ignition  with  Mg/PTFE  pyrotechic  mixture. 

The  autor  is  concerned  much  more  with  the  pyrotechnic  part 
of  the  igniter.  The  base  bleed  propellant  is  AP/HTPB  com¬ 
posite  solid  propellant.  The  grain  is  cilydrical  in  shape 
with  central  hole  and  tnree  slits  arranged  by  angle  of 
120°. 

Such  configuration  ensures  the  desired  degresive  from  (pa¬ 
ttern)  of  burning  surface,  and  the  burning  rate  for  pro¬ 
pellant  compositions  used  so  far  is  about  1  mm/s  at  atmo¬ 
spheric  pressure  which  gives  the  burning  time  of  base 
bleed  from  25  do  30  seconds  / 1 / . 

2.  THE  BASE  BLEED  DESIGN  REQUIREMENTS 

To  satisfy  the  function  of  base  bleed  unit  succesfuliy  the 
igniter  must  fill  aut  the  following  requirements : 

-  it  must  be  hermetic, 

-  Lt.  must  has  compact  construction  to  withstand  extreme 
conditions  of  firing, 

-  it  must  be  ignited  by  hot  gun  gas, 

-  it  must  not  guench  after  firing  during  the  decorapresion , 
it  must  reignite  the  base  bleed  propellant  and  bring  it 
to  the  stable  burning, 

-  after  ;.gniter  functioning  its  remainig  parts  must  not 
fall  down  and  disturbe  the  rlighr,  of  projectile. 

in  this  paper  only  the  pyrotechnic  mixture,  which  is  the 
main  part,  of  trie  igniter,  is  considered. 


nif.  inNli'uK  PYKOTbUllN  I  C  M1XTUKK  HivSKAHCH 


in  order  to  satisfy  the  basic  rcq  u  L  I'omen  ts  the  pyrotechnic 
mixture  must  be  pressed  in  the  stead  body  of  the  igniter 
with  high  conso  i  i  d  t  i  on  pressures.  The  igniLer  has  lour 
noies  at  the  boutom  tnrough  which  tne  pyrotechnic:  mixture 
is  ignited  and  the  combustion  products  1'low  out  alter 
ignition,  i'tie  oposite  side  of  tne  igniter  is  coated  with 
res  in  Tor  increasing  the  median  teal  strength  of  pressed 
pyrotechnic  mixture  and  hermetizat ion . 

During  the  igniter  preliminary  researches  the  well  known 
pyrotechnic  mixtures  were  used.  The  characteristics  of 
these  mixtures  are  shown  in  table  1. 

TAB  L 11  1. 


£  1 1. 1  Q  P  .  1 0  ^  v ,  v 

p  1  m 

/°C/  Us/)  ( J/g;  /Pa/ _  /mm/s/  /g/s/ 


B  (1; 

KNO.^  500  (4,5;  12980  3,268  9,5  7,4 


Phenol  f  ormaidehyj.de 
resin 


Mg  (11/ 

KNO^ 

Ba  (NO  )2 

Phenol formaldehyide 
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500 

(4,0; 

8780 

3,268 

6,4 

5,7 

Mg  ( I 1 i) 

kcio4 

Ba ( NO^ ; g 

Pnenol formaldehyide 

resin 

560 

(4,5; 

9640 

3 , 266 

7,3 

5,7 

MIXTURE 


The  used  simbols  denote: 

Q  -  heat  output  of  the  pyrotechnic  mixture 
T  --  au to ign i  t  ion /  tempera  ture  of  the  pyrotechnic  mixture 

t  -  induction  time 
P  -  consolidation  pressure 

-  Linear  burning  rate  in  the  igniter  body 
V  -  mass  burning  rate  in  the  igniter  body 

Although  these  pyrotechnic  mixtures  give  satisfactory  pe¬ 
rformance  with  propellant  /2/,  yet  they  had  some  disadva¬ 
ntages  which  required  to  find  more  conviment  mixtures. 
Mixture  i  is  almoust  gaslees  and  most  of  its  products  are 
solid,  remaining  in  the  body  of  the  igniter.  Thus,  it  is 
assumed  that  in  some  cases,  tne  hot  combustion  products, 
whicn  flow  out  trought  holes  at  the  igniter  bottom  ,  con  i  <J  ’  n  t 
ignite  tne  base  bleed  propellant.  The  burning  rate  of  " 
xture  i  1  arid  11  i  is  low  and  this  affect  i  ng  i  regular  bui  m- 


ng  of  propellant  during;  igniter  f  unc  t  ion  i  ng  (iiicieaned  burning 
pruyaurc  and  erosion  of  propellant )  . 


in  oreder  to 
performed  in 
n  i  c  mix  t  u  r  e  s 
part  of  this 


shorten  the  burning  time  trie  experiments  were 
the  shortened  igniters  body  and  with  piroteeh- 
wh Leh  nave  the  higher  burning  rates.  The  most 
results  are  presented  in  table  2. 


TABLE  2. 


MIX  T 

U  K  E 

T 

„P 

(t; 

Q 

P.  10~8 

V1 

V 

in 

/  C/ 

/(s)/ 

/J/g/ 

/Pa/ 

/ mm i s / 

/g/3  / 

Mg 

(i  V) 

2, 177 

5,00 

4 , 05 

KCIO^ 

590 

(6) 

9300 

3,268 

4,95 

4,29 

PhenoL forma ldehy id e 
resin 

4,354 

4,90 

4,52 

Mg 

(v; 

2,177 

7,70 
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8300 
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7,50 
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Aii  mixtures  from  table  2  gave  well  results  both  in  static 
and  dynamics  igniter  examinations.  However,  the  best  results 
and  the  shortest  burning  time  gave  the  mixture  VI.  It  is 
assumed  that  the  optimal  .ingiter  burning  time  is  between  2 
and  3  seconds. 

The  change  in  the  consolidation  pressure  in  designated  range 
had  ci.  little  influence  on  both  linear  and  mass  burning  rates, 
and  all  examinated  samples  had  withstood  the  conditions  of 
firing . 

The  base  bleed  unit  gave  good  performance,  and  expected  inc¬ 
reasing  of  a  range  capability  and  decreasing  of  a  dispersion 
in  range  were  achieved.  (2,3). 

4.  THE  BASE  BLEED  IGNITION  IN  STATIC  CONDITIONS 

In  order  to  carry  out  the  base  bleed  examination  in  a  sta¬ 
tic  conditions  the  problem  of  propellant  ignition  must  be 
solved.  The  ignition  with  complete  igniter  is  very  expansi¬ 
ve  and  the  autor  decided  to  find  the  simpliest  and  cheeper 
way  of  ignition,  ignition  with  the  black  powder  of  large 
particle  size  and  unpressed  pyrotechnic  mixtures  cidn’t  give 
satisfactory  results.  Namely, a  large  number  of  failures  had 
complicated  the  examinations. 

The  satisfactory  solution  was  found  using  the  pressed  tablet 
(mixture  ill  f  r  o  m  t  a  b  1  e  1  )  act  i  v  a  t  e  d  w t  h  s  u  i  t  a  b  1  e  i  g  n  1 1  era 
The  longer  burning  time  lead  to  the  better  propellant  igni - 


t  .ion  a  n  d  e  n  a  b  J.  e  <1  fc  he  p  r  o  p  e  i  1  a  n  t  t  o  i  •  e  a  c  h  t  he  s  t  able  bur  n  i  n  g . 
Figure  1  shows  the  p(T)  curve  of  base  bleed  unit  during  sta¬ 
tic  firing. 

5.  THE  BASE  BLEED  PROPELLANT  IGNITION  WITH  Mg/PTFE  MIXTURE 

The  purpose  of  these  examinations  was  to  study  the  possibi¬ 
lity  of  use  Mg/PTFE  mixtures  for  the  base  bleed  propellant 
ignition.  According  to  the  literature  data  (4,3)  five  Mg/PTFE 
mixtures  was  selected  and  examined  in  the  igniter  body.  The 
results  of  this  experiments  are  shown  in  table  3. 
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50 
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(IX) 
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1,14 
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40 
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(X) 

1  ,06 

1 , 00 

876  i 

Mg  - 

PTFE 

30 

-  70 

(XI) 

0,85 

0,8  1 

8445 

M 

In  these  mixtures  was  used  as  a  binder  2,5  g  of  flourel 
FC-2175  on  100  g  of  mixture,  and  consolidation  pressure 
was  3,266  *10  °Pa . 

On  the  bases  of  these  results  the  mixtures  VII  and  X  were 
selected  and  examined  with  base  bleed  propellant  in  static 
cond i t i ons . 

Experiments  were  perfomed  both  with  complete  igniter  and 
pressed  tablet,  where  the  ignition  was  activated  with  fuse 
tnase  up  of  unpressed  mixture  1  (table  1  )  and  electric  squib. 
The  satisfactory  results  confirmed  the  possibility  of  the 
use  Mg/PTFE  mixtures  for  base  bleed  propellant  ignition. 

CONCLUSION 

This  paper  deals  w'th  some  problems  eonected  with  the  design 
and  development  of  the  base  bleed  igniters  and  reports  the 
results  of  igniter  examination  loaded  with  different  pyro¬ 
technic  mixtures . 

Trie  selected  pyrotechnic  mixtures  give  satisfactory  perfo¬ 
rmance  (results)  both  in  static  and  dynamic  conditions.  The 
solution  of  ignition  was  proposed  for  the  base  bleed  prope¬ 
llant  examinations  in  static  conditions. 


^n!.'lrmed'  according  to  the  results  of  the  examinations 

achieved  with  M v/ PTEr°nS ’  that  succesafuA  ignition  may  be 
J  ; V  M?/ilbfc  mixtu  —  However ,  it  must  be  confirmed 
through  examinations  in  dynamic  condti t ions . 
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IGNITION  AND  COMBUSTION  BEHAVIOR  OF  Ml  V  IGNITER  MATERIALS  FOR  BASE  BLEED 
APPLICATIONS 
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T.  A.  Litzinger,  and  K.  K.  Kuo 


Department  of  Mechanical  Engineering 
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ABSTRACF 

The  pyrolyfiis  and  ignition  characteristics  of  an  igniter  material 
composed  of  magnesium,  Polytetrafluorethylene,  and  Viton  A  have  been 
studied  using  a  high-power  CO?  laser  as  the  radiative  heating  source. 
Methods  of  analysis  and  the  instrumentation  employed  were  high-speed 
direct  and  schlieren  photography  to  visualize  the  flame  structure  and 
gas-phase  dynamics,  near-infrared  photodiodes  to  obtain  ignition  delay 
data,  and  probe  sampling  and  a  gas  chromatograph/mass  spectrometer  to 
analyze  the  gaseous  products  evolved.  Important  test  variables  were 
incident  heat  flux,  chamber  pressure,  and  oxygen  concentration.  In 
addition,  the  effect  of  boron  addition  on  the  ignition  behavior  of  the 
igniter  charge  was  studied. 

Ignition  occurred  on  the  sample  surface  under  all  test  conditions.  A 
primary  flame,  attached  to  the  surface,  with  a  height  of  1.2-1. 5  mm  for 
ignition  in  air  was  observed.  A  gas- >hase  flame  of  less  intensity  was 
observed  directly  above  the  primary  flame,  arid  the  magnitude  of  this 
flame  was  considerably  reduced  as  the  ambient  oxygen  concentration 
decreased.  At  low  pressures  («  0.1  atm),  no  evident  luminous  plume 
evolutior  id  gas-phase  dynamics  were  observed,  and  the  propellant 
decompost  in  lar^e  fragments  evolved  at  high  speeds  after  ignition. 
Experimental  res'  s  for  the  ignition  delay  as  a  function  of  heat  flux 
indicated  that  th.  Jelay  time  decreases  monotonica I ly  as  heat,  flux 
increases,  and  that  decreasing  the  ambient  pressure  or  the  ambient, 
oxygen  percentage  also  decreased  the  ignition  delay  time.  For  combustion 
of  the  propellant  in  air  and  in  an  inert  helium  atmosphere,  only 
hydrocarbon  compounds  [primarily  ethylene  (C2H4),  propylene  (C3H5) ,  and 
benzene  (C5H5)]  arid  CO  and  CO?  for  combustion  in  air  were  observed. 
However,  in  an  inert  atmosphere,  pure  PTFt  ( ^4 “ ) m  pyrolyzed  into  many 
fluorocarbon*  compounds ,  and  Viton  A  (-C.5H3  5F5  5-  )n  pyrolyzed  into  a 
variety  of  hydrof leorecarbons  and  f I uorocarbons .  It  is  believed  that 
these  primary  pyrolysis  species  are  consumed  to  form  the  aforementioned 
hydrocarbon  species  plus  undetected  HF  and  the  observed  MgF?  solid 
products . 


1.  I NTRODUC 1 1  ON 


The  development  of  a  reliable  and  efficient  Paso  bleed  system  to 
increase  the  range  of  artillery  projectiles  is  currently  of  great 


interest.  This  system  is  designed  to  inject  gases  into  the  wake  behind 
the  projectile,  increasing  the  base  pressure  and  reducing  the  profile 
drag,  which  accounts  for  50-/5%  of  the  total  drag.  This  reduction  of  the 
drag  will  increase  the  range  capabilities  of  the  projectile.  To  insure 
sustained  ignition  of  the  base  bleed  propellant  during  the  transition 
from  the  severe  gun  barrel  environment  to  the  ambient  air  and  also  during 
the  subsequent  flight,  a  supplementary,  redundant  igniter  system  is 
required.  Thus,  the  base  bleed  igniter  propellant  must  be  able  to 
sustain  burning  over  a  wide  range  of  pressures,  temperatures ,  and  gaseous 
environments.  It  must  also  be  du-able  enough  to  withstand  the  tremendous 
forces  (*=  10,000  G's)  of  setback  acceleration  and  the  centrifugal  forces 
of  high-speed  rotation  (16,000  rpm),^ 


Most  of  the  work  to  date  on  base  bleed  has  concentrated  on  the 
aerodynamics  and  selection  of  candidate  propellants.  Several  researchers 
have  done  theoretical  calculations  of  the  effect  of  base  bleed  systems  on 
the  aerodynamics  of  a  projectile.2-6  Experimental  simu’atioris  have  also 
been  conducted  to  validate  the  effectiveness  of  base  injection.^.8 
Kloehn  and  Rassinfosso  have  written  a  paper  on  the  manufacture  of  base 
bleed  propellants.^  However,  very  few  papers  have  been  published  to  date 
on  studies  of  the  performance  of  practical  base  bleed  motors  and  their 
supplementary  redundant  igniter  systems. 


Magnesium/PTFE/'/iton  A  (MTVj  propellants  have  been  considered  in  solid 
rocket  motor  •'goiters  and  are  now  being  tried  experimentally  as  base 
bleed  igniter  propellants.  Peretz^6  stated  that  the  use  of  magnesium  as 
the  metal  counterpart  is  beneficial  because  it  ignites  and  burns  readily, 
thus  promoting  efficient  combustion,  and  requires  small  amounts  of 
oxidizing  agent  to  burn.  Viton  A  ( — C5H3 ,5F6.5~)n »  a  copolymer  of 
yynilidene  fluoride  and  perfluoropropylene,  is  often  added  to  Mg/PTFE 
formulations  to  increase  homogeneity  and  facilitate  fabrication.  Because 
of  its  chemical  similarity  to  Polytetraf luoroethy lene , 

[PTFE  -*■  ( — C2 F4- ) n  1  significant  amounts  of  Viton  A  can  be  added  without 
altering  the  combustion  characteristics. 


Peretzll  listed  the  following  advantages  of  the  MTV  formulation  for  use 
as  an  igniter  material:  high  energy  content,  high  degree  of  safety  in 
preparation,  low  temperature  and  pressure  dependence  of  the  burning  rate, 
ease  and  low  cost  of  igniter  pellet  or  grain  fabrication,  favorable  aging 
characteristics,  and  staple  burning  at  low  pressures.  He  also  listed 
several  advantages  of  metal-fluorocarbon  compositions  ir,  comparison  with 
metal -hydrocarbon  propellants:  higher  volumetric  heat  release,  higher- 
rate  of  reaction,  much  higher  density,  excellent  thermal  stability  (due 
to  the  high  C-F  bond  strength),  higher  activation  energy,  and  much  lower 
production  of  soot  due  fo  the  lower  content  of  carbon.  For  magnesium, 
the  standard  gravimetric  and  volumetric  heats  of  fluorination  [producing 
MgF^ { s I J  are  almost  exactly  twice  as  much  as  those  for  oxidation 
[producing  MgO  (s)l* 
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the  authors'  knowledge,  no  experimental  papers  have  been  published  to 
date  on  the  ignition  behavior  of  MTV  propellants. 

Characterization  of  the  ignition  behavior  of  the  MTV  propellant  under  a 
wide  range  of  conditions  is  critical  for  determining  the  feasibility, 
applicability,  and  subsequent  performance  of  the  igniter.  Radiative 
ignition  has  been  often  used  in  the  studies  of  ignition  behavior  of  solid 
prope  1 1  ant.  s .  The  high-power  CO2  laser  is  now  the  prevailing  choice  for 
thp  radiant  energy  source  due  to  its  advantages  of  precise  control  of 
lasing  time  and  energy  flux,  and  a  high  level  of  beam  intensity  that 
simulates  energy  fluxes  found  in  igniters  and  propulsive  devices. 

The  overall  objective  of  this  research  was  to  investigate  the  ignition 
behavior  of  a  Mg/PTFt'/Viton  A  propellant  under  various  ambient 
conditions,  to  gain  a  better  understanding  of  the  processes  governing 
ignition,  and  to  correlate  this  data  with  conditions  experienced  by  a 
base  bleed  igniter.  Specific  objectives  were:  (1)  to  investigate  the 
flame  structure  and  gas-phase  dynamics  during  the  ignition  transient 
under  various  pressures  and  ambient  oxygen  concentrations,  (2)  to  study 
the  variation  of  ignition  delay  time  as  a  function  of  pressure,  ambient 
oxygen  concentration,  and  incident  heat  flux,  and  (3)  to  analyze  the 
gaseous  species  produced  during  pyrolysis  and  ignition  of  the  MTV 
propellant  and  during  pyrolysis  of  PTFE  and  Viton  A  individually. 


2.  EXPERIMENTAL  APPROACH 

A  diagram  of  the  overall  experimental  set-up  is  given  in  Figure  i.  The 
radiative  energy  source  was  a  high-power  Coherent  Super  43  CC^  Laser, 
capable  of  producing  800  watts  of  power  in  the  continuous  wave  mode  and 
3500  vat t s  in  the  pulsed  mode  with  precise  control  of  the  power  output 
and  lasing  time.  A  beam  profile,  uniform  within  ±  10%  across  the 
propellant  sample  surface,  was  obtained  using  an  aperture  with  a  diameter 
of  7  rnm  to  allow  only  the  most  uniform  center  section  of  the  beam  to 
irradiate  the  surface.  For  all  tests,  the  actual  heat  flux  was  measured 
with  a  calorimeter .  A  cubic  Plexiglass  test  chamber,  25  cm  on  a  side, 
with  a  stainless  steel  top  cover  was  used  for  ignition  delay  tests  and 
schlieren  visualization.  Two  high-quality  glass  windows  were  installed 
in  opposite  sides  of  the  chamber  for  the  schlieren  flow  visualization. 

For  the  species  sampling  rests,  in  to  considerable  species 

concentrations,  a  smaller  Plexiglass  test  chamber,  10  cm  long  by  5  cm  in 
diameter  with  aluminum  end  caps,  was  employed.  A  septum,  installed  in 
the  side  of  the  chamber,  allowed  for  aas  sampling  with  a  syringe.  The 
too  covers  of  both  chambers  were  fitted  with  potassium  chloride  windows, 
which  are  highly  transmissive  in  the  infrared  range,  for  beam  entrance. 
Pressure  and  composition  of  Lho  initial  gas  in  the  chambe.''  was  controlled 
using  a  vacuum  pump,  a  pressure/vacuum  gauge,  and  an  inert  gas  supply 
:-ystem. 

Both  the  direct  and  schlieren  images  were  recorded  with  a  Spin  Physics 
2000  video  recording  system.  As  seen  in  Fig.  1,  the  system  consists  of  a 
controller,  video  monitor,  and  two  camera  heads.  Maximum  recording  speed 
is  17000  pps ,  but  a  2000  pps  recording  rate  was  employed  for  this 
research.  The  controller  can  display  both  the  schlieren  and  direct 
images  simultaneously,  allowing  direct  comparison  of  the  flame  structure 
and  gas  phase  dynamics.  The  schlieren  system  is  a  "Ztype" 
configuration,  employing  IS  cm  parabolic  mirrors  to  direct  a  parallel 
1  iuht  beam  through  the  test,  chamber  from  a  100  watt  continuous 
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FIGURE  1.  Experimental  Setup  for  CO?  laser  pyrolysis  and  ignition 
research 


lungs ten-halogen  lamp.  The  beam  is  directed  and  shaped  by  lenses  and 
rectangular  apertures  at  each  end  as  it  travels  from  the  light  source, 
through  the  chamber,  and  into  the  video  camera  at  the  other  end. 

Ignition  delay  turner,  were  determined  using  two  near-infrared  photodiodes 
(spectral  response:  0.35-1.15  pm)  to  sense  the  first  light  emission  from 
a  flame  or  heat  production  from  chemical  reactions.  One  photodiode  was 
positioned  seven  cm  from  the  sample  and  aimed  directly  at  its  surface 
while  the  other  one  was  positioned  in  an  upper  corner  of  the  chamber  and 
aimed  2. *3  cm  above  the  surface  to  observe  the  gas-phase  infrared  emission. 
To  signal  "zero-time"  on  both  the  photodiode  traces  and  the  direct  video 
image  a  strob'*  light  was  employed.  The  data  was  recorded  on  a  Nicolet 
oscilloscope  and  transferred  to  an  IBM  PC  for  processing. 

After  a  test,  samples  of  gaseous  products  were  drawn  from  the  test 
chamber  with  a  one  milliliter  syringe.  These  gaseous  product  species 
were  then  analyzed  using  a  Hewlett/Packard  gas  chromatograph/mass 
spectrometer .  Most  of  the  samples  were  analyzed  with  a  Carbopack  B/5% 
Fluorocol  column.  The  temperature  program  employed  was  isothermal  at 
50°C  for  the  first  5  minutes  and  then  ramped  at  15°C  per  minute  up  to 
200-C  for  the  remainder  of  the  run."' A  column  with  Porapak  Q&R  in  series 
was  also  used  to  obtain  data  on  hydrocarbon  species. 


3.  flame  structure  and  gas-phase  dynamics 

Figure  2  is  a  sequence  of  images  depicting  the  ignition  transient  for  a 
sample  ignited  in  air  at  1  atmosphere.  Both  the  direct  and  schlieren 
photographs  of  the  ignition  sequence  a ’e  shown.  Trie  times  below  each 
pair  of  images  represent  the  time  elap.ed  from  the  onset  of  laser  heating. 
In  each  pair  of  images,  the  sample  sui  face  is  at  the  surne  height; 
however,  the  magnification  of  thp  direct  image  is  slightly  less  than  that 
of  the  schlieren  image. 


Ignition  occurs  in  Fig.  2a  after  a  delay  time  of  19  milliseconds.  The 
faint  liqht  emission  seen  on  the  sample  surface  in  the  direct  image 
corresponds  to  the  abrupt  rise  in  the  photodiode  signal  (within  2 
milliseconds)  that  was  used  as  the  criterion  for  ignition.  The  initial 
evolution  of  a  gaseous  sphere  on  the  schlieren  image  occurs  sligiuly  off 
the  center  of  the  sample  due  to  minor  variations  in  the  laser  beam 
intensity  profile.  Fne  gaseous  sphere  expands  upward  in  Fig.  2b  and  a 
ball  of  flame  is  established  within  the  dark  outer  gradients  of  the 
sphere.  The  flame  and  evolved  gases  continue  to  propagate  through 
Figs.  2c-2f.  A  mushroom- shaped  gas-phase  structure  can  be  seen  inside 
the  outer  gradient  in  the  schlieren  picture  in  Fig.  2e.  The  cap  of  the 
mushroom  is  due  to  the  formation  of  a  vortex  resulting  from  the 
propagation  of  the  initial  sphere  of  gases  evolved,  and  the  stem  is 
formed  by  the  continued  evolution  of  a  stream  of  gases  normal  to  the 
surface.  The  actual  steady-state  flame  shape  has  not  yet  been 
established  in  Fig.  2f,  but  it  is  quite  similar  in  size  to  the  inner 
flame  region  that  can  be  seen  in  the  schlieren  image.  Large  particles 
can  be  seen  in  both  the  direct  and  schlieren  images  in  tMs  figure. 
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?.  Ignition  sequence  >f  the  MTV  propellant  in  air  at  1  atmosphere 
(q’1  -  640  W/tm?) 


An  ignition  test  conducted  at  a  low  pressure  of  9.1  atmosphere  is 
displayed  in  Fig.  3.  Clearly,  this  ignition  process  is  much  less 
vigorous  than  the  rather  explosive  dynamics  observed  in  the  higher 
pressure  ignition.  The  first  emission  of  visible  light  does  net  occur 
until  108  milliseconds,  hut  the  photodiode  signal  abruptly  increased  at 
32  milliseconds.  Evident ly ,  the  rise  in  the  photodiode  signal  was  caused 
by  a  significant  amount  of  heat  (infrared  emission)  begin  evolved  well 
before  the  visible  light  of  a  flame  was  observed.  Thus,  the  ignition  at 
low  pressure  is  correlated  with  the  signif 'cant  evolut  ion  of  heat,  from 
reactions;  ttie  heat  evolution  does  not.  directly  correspond  to  the  onset, 
of  a  visible  flame. 


Two  distinct  phenomena  observed  in  Fig.  3  are  the  abundance  of  very  large 
particles  and  fragments  evolved  from  tne  sample  and  fne  lack  of  any 
gas-phase  structure  in  the  scMieren  pictures.  Figures  3h  and  3c  depict 
the  evolution  and  transport  of  two  large  fragments  from  the  surface,  and 
Fig.  3d  shows  the  first  sign  of  a  substantial  flame  zone  estacl ished  on 
the  surface.  Then  in  Figs.  3e  and  3f,  huge  amounts  of  very  large 
particles  are  evolved  as  the  .mple  "burns".  In  this  test,  the  side 
surfaces  of  the  sample  were  riot  inhibited,  and  particles  evolved 
horizontally  in  Fiy.  3f  are  a  result  of  side  burning.  After  the  test, 
these  particles  fully  coated  the  schlieren ^windows  j.5  cm  from  the  sample 
and  blocked  the  schlieren  image  by  the  time  the  sample  hao  beer, 
completely  burned. 
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FIGURE  3.  Ignition  sequence  of  the  MTV  propellant  «n  air  *t  -  0.! 
atmosphere  (q‘  *  430  W/crn?' 


A  set  of  images  depicting  ignition  in  an  inert  atmosphere  of  nitrogen 
(»  0,5£  0^)  is  given  in  Fig.  .  The  gas-phase  dynamics  follow  roughly 
the  same  progression  as  those  for  tests  in  sir.  The  gradients  are 
noticeably  darker,  though,  indicating  stronger  density  and/or  temperature 
gradients,  and  the  flame  structure  is  obviously  quite  different  from  the 
ignition  tests  in  air  at  or,e  atmosphere.  The  flame  initially  propagates 
to  a  height  around  1.0  centimeter  above  the  sample  surface  and  then 
recedes  to  the  steady-state  shape  seen  b  Fig.  4f.  Comparing  Figs.  ?.  and 
4,  it  can  definitely  be  concluded  that  oxygen  plays  a  significant  rob  in 
the  reactions  that  produce  a  large  luminous  plume  during  ignition.  The 
final  steady-state  flame  is  also  larger  for  the  case  of  air. 

Finaby,  Fig,.  5  displays  two  schlieren  images  with  different  levels  of 
magnification  that  were  obtained  using  differs. ,t  focal  lengths  of 
collimating  lenses  in  fron  of  the  camera.  The  lenses  used  for  Figs.  5a 
and  5  b  provide  magnificat  ions  of  1.8  and  4.5.  respectively,  of  the  images 
displayed  in  Figs.  2-4.  Both  images  in  Fig.  5  represent  ignition  in  air 
at  1  atmosphere.  Measur  emerits  taken  from  all  tne  images,  irrespect  ive  cf 


the  level  of  magnification,  corresponded  very  well,  confirming  the 
accuracy  and  reproducibi 1 ity  of  the  schlieren  system.  These  measurement 
showed  that  the  primary  flame  zone  established  on  the  sample  surface  is 
1.2-1. 5  mm  in  height. 


4.  IGNITION  DELAY  BEHAVIOR 

The  ignition  delay  behavior  of  the  MTV  propellant  was  investigated  as  a 
function  of  pressure,  heat  flux, and  amtient  oxygen  concentration.  The 
ignition  delay  times  were  determined  from  the  photodiode  traces  as  the 
elapsed  time  from  the  initiation  of  laser  heating  to  the  distinct  point 
whore  the  signal  rose  very  abruptly,  evidenced  by  the  typical  photodiode 
trace  given  in  Fig.  6.  There  is  a  very  abrupt  "spike"  in  the  signal 
which  drops  and  then  rises  again  to  a  relatively  steady  state,  this 
ignition  delay  time  was  normally  within  2-3  milliseconds  of  the  time 
lapsed  until  the  first  light  emission  observed  in  the  direct  image. 

After  ignition,  combustion  of  the  samples  was  sustained  until  they  were 
totally  consumed,  regardless  of  the  ambient  conditions. 
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FIGURE  6.  Near-field  photodiode  tra:e  of  ignition  in  air  at  1  atmosphere 
(q“  -  6/0  W/:m‘) 


Figure  7  exhibits  the  1>nition  delay  behavior  as  a  function  of  ambient 
pressure  and  incident  heat  flux.  The  two  curves  indicate  the  pressure 
dependence,,  one  for  i y n i  *■  i o n  at  1  atmosphere  and  the  other  in  a  relative 
vacuum  of  <0,1  atmosphere.  Most  importantly,  it  can  be  seen  that  the 
ignition  delay  times  are  shorter  at  lower  pressure.  Also,  the  profiles 
of  both  curves  as  a  function  of  the  radiative  heat  flux  from  the  CO^ 
laser  arc  quite  similar.  In  other  words,  lowering  the  pressure  merely 
serves  to  shift  the  curve  down  while  maintaining  the  same  flux-dependent 
profile.  However,  the  '-eason  for  the  shorter  delays  at  lower  pressures 
can  most  likely  be  explained  by  the  results  given  ir,  Fig.  B. 


FIG'JRE  7.  Effect  of  pressure  and  incident  heat  flux  on  Ignition  delay 
time  of  MTV  propellant  in  air 


Figure  8  illustrates  the  effect  of  the  ambient  oxygen  concentration  on 
the  ignition  delay  behavior  at  a  constant  heat  flux.  Although  more  data 
is  needed  to  confirm  this  behavior,  the  trend  is  believed  to  bs  correct, 
and  it  represents  a  significant  point  in  understanding  the  ignition 
mechanisms.  The  curve  shows  that  the  ignition  delay  time  increases  with 
an  increase  in  the  ambient  oxygen  concentration.  This  behavior  is  also 
the  most  likely  justification  for  the  lower  ignition  delays  at  lower 
pressures  observed  in  Fig.  7,  since  as  pressure  decreases,  the 
concentration  of  ambient  oxygen  also  decreases. 

Some  interesting  results  relative  to  understanding  the  inhibiting  effect 
of  oxygen  were  presented  by  Griffiths  and  Robertson.15  They  did 
simultaneous  DTA/DTG  experiments  on  the  decomposition  of  PTFE  powder  and 
Mg/PTFE  powder  mixtures  in  different  ambient  gases.  They  observed  that 
the  decomposition  of  PTFE  was  endothermic  in  N2  and  argon  but  was 
exothermic  in  air,  suggesting  that  the  PTFE  decomposition  products  react 
with  the  oxygen  in  the  air.  They  also  observed  significant  differences 
in  the  DTA  curves  for  the  decomposition  of  Mg/PTFE  (1:1)  mixtures  in  air 
and  in  argon  but  did  not  discuss  the  mechanisms  that  may  produce  this 
behavior. 

In  this  work,  it  was  believed  initially  that  the  inhibiting  effect  of 
oxygen  observed  in  Fig.  8  was  due  to  the  reaction  with  Mg  to  form  MgO  and 
thus  prevent  the  fluorine  from  reacting  with  the  Mg.  Since  the 
gravimetric  heats  of  oxidation  and  fluorination  of  Mg  are  24.75  KJ/g  and 
46.25  KJ/g,  respectively,11  the  reaction  of  oxygen  with  magnesium  would 
generate  less  thermal  energy  than  the  reaction  of  fluorine  with 
magnesium,  producing  a  longer  ignition  delay  in  air.  However,  ignition 
delay  tests  performed  on  a  pellet,  composed  of  a  1:1  mixture  of  PTFE  and 
Mg  without  any  Vi  ton*  A  showed  that  the  gnition  delay  was  approximately 


FIGURE  R.  Effect  of  oxygen  concentration  on  ignition  delay  time  of  MTV 
propellant  at  1  atmosphere  (q"  -  400  W/cm2) 


twice  as  much  as  that  of  the  MTV  propellant  under  the  same  conditions, 
leading  to  the  conclusion  that  Viton  A  is  the  rate-controlling  ingredient 
for  the  MTV  formulation.  Properties  of  these  polymers  that  would  seem  to 
substantiate  this  behavior  are  the  decomposition  of  Viton  A  at  589  K16 
versus  803  f0r  the  PTK.,  and  activation  energies  of  210  KJ/mol  and 
350  KJ/mol,  respectively.  The  effect  of  oxygen  on  the  ignition  delay  of 
the  MTV  propellant  should  then  be  a  result  of  its  effect  on  Viton  A,  not 
magnesium.  As  will  be  discussed  in  the  next  section,  many  of  the  major 
gaseous  species  evolved  in  the  decomposition  of  PTFE  are  also  observed  in 
the  pyrolysis  of  Viton  A.  Therefore,  the  effect  of  O2  on  the 
decomposition  of  PTFE  observed  by  Griffiths  and  Robertson  might  also 
apply  to  the  effect  of  0 ?  on  Vitcn  A  and  thus  explain  the  longer  delay 
times  in  air. 

In  an  attempt  to  improve  the  ignition  and  combustion  of  the  MTV 
propellant,  boron  was  added  to  several  different  formulations  of  Mg  and 
PTFE.  The  ignition  delay  results  are  presented  in  Fig.  9.  The  results 
indicate  that  increasing  the  amount  of  boron  in  an  Mg/PTFE  formulation 
significantly  reduces  the  ignition  delay  time,  with  the  shortest  delay 
observed  for  a  50/50  formulation  of  Boron/PTFE  without  any  magnesium. 

Two  factors  considered  in  explaining  this  trend  were  radiation 
reflectivity  at  the  10.5  m  wavelength  of  the  CO2  laser  and. thermal 
diffusivit.y.  The  reflectivity  of  magnesium  is  about  0.7 5,1?  which  is 
much  greaser  than  that  of  boron.  Therefore,  a  large  part  of  the  laser 
energy  may  be  reflected  away  from  the  surface  of  samples  containing 
significant  amounts  of  magnesium.  It  was  considered  that  the  ignition 
enhancement  by  boron  observed  in  Fig.  9  may  be  an  artifact  of  the  laser 
and  not  a  practical  consideration  for  the  improvement  of  the  ignition  of 
Mg/PTFE  propellants.  However,  the  combustion  after  laser  cutoff  of  the 


FIGURE  9.  Effect  on  Ignition  delay  of  the  addition  of  boron  and  Viton  A 
to  a  Mg/PTFE  propellant  (ignition  in  air  at  l  atmosphere) 


Mg/B/PTFE  formulation  with  30%  boron  was  much  more  vigorous  than  the 
formulation  without  any  boron,  indicating  that  the  addition  of  boron  does 
have  a  significant  physicochemical  effect.  Also,  the  thermal  diffusivity 
of  magnesium  is  0.876  cm^/sec,  which  is  eight  times  higher  than  boron. 
Consequently,  in  a  sample  containing  magnesium,  in-depth  heat  transfer  is 
much  higher.  This  phenomenon  lowers  the  rate  of  increase  of  the  surface 
temperature,  which  in  turn,  increases  the  delay  time  to  ignition. 

Another  important  observation  from  Fig.  9  is  that  the  replacement  of  PTFE 
in  the  50/50  Mg/PTFE  formulation  with  an  amount  cf  Viton  A  significantly 
reduces  the  ignition  delay  time.  Kubota  and  Serizawa^  reported  that  the 
addition  of  3%  Viton  A  to  their  Mg/?TFE  propellant  did  not  alter  the 
burning  rate.  However,  the  MTV  propel  lane  tested  here  contained  a  higher 
percentage  of  Viton  A,  and  the  effect  on  the  ignition  delay  time  was 
obviously  significant.  The  lower  delay  times  are  believed  to  be  caused 
by  the  lower  decomposition  temperature  and  lower  activation  energy  of 
Viton  A,  in  comparison  with  those  of  PTFE,  that  was  reported  earlier. 


5.  PYROLYSIS  AND  IGNITION  PRODUCT  SPECIES  ANALYSIS 


The  gaseous  species  evolved  during  the  pyrolysis  of  PTFE  and  Viton  A,  and 
the  ignition  of  the  MTV  propellant,  were  analyzed  with  a  gas 
chromatograph/mass  spectrometer.  Tests  were  conducted  in  both  ari  inert 
atmosphere  and  in  air  to  investigate  the  role  of  oxygen  in  the  ignition 
processes.  Solid  ignition  products  were  also  analyzed  with  a  Scanning 
Electron  Microscope. 

The  pyrolysis  of  PTFE  in  an  inert  N;?  environment  at  one  atmosphere 
produced  the  total  icn  chromatograph  given  in  Fig.  10.  The  sample  was 
heated  twice  by  a  heat  flux  of  430  W/cm8  for  two  seconds  each  time.  The 
most  abundant  species  evolved  are  C^Fg,  C2F4  (the  monomer),  C3F5  (two 
isomers),  CF4,  and  two  isomers  of  C4F8.  Interestingly,  the  most  abundant 
species,  perf luoroethane  (C^Fg),  was  not  listed  in  a  depolymer ization/ 
degradation  chart  for  PTFE  presented  by  Elias,18  but  was  the  most 
abundant  compound  observed  in  the  pyrolysis  of  both  PTFE  and  Viton  A. 
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Figure  11  compares  the  inert  pyrolysis  of  PTFE  (shown  ’n  Figs.  10  and 
llaj  with  the  reaction  of  PTFE  in  air  at  1  atmosphere.  Figure  11  shows 
that,  the  amounts  of  C3F5  and  C4Fg  decreased  slightly  for  pyrolysis  and 
reaction  ir  air  (Fig.  lib),  compared  to  pyrolysis  in  nitrogen  (Fig.  Ha). 
The  amount  of  C;?Fg  appears  to  remain  the  same.  The  amount  of  CF4 
appeared  to  increase  in  Fig.  11b,  but  the  mass  spectrometr ic  breakdown  of 
that  peak  indicated  that  CO  and  CO?  were  also  eluted  at  that  time,  and 
the  three  compounds  could  not  be  individually  resolved.  Griffiths  and 
Robertson18  reported  that  CO;?  and  CF^O  had  been  found  by  several  other 
•'esearchers  for  the  reaction  of  PTFE  in  air.  However,  the  existence  of 
CFj>0  could  not  be  confirmed  by  the  present  apparatus.  Using  a 
microburner  to  study  the  premixed  burning  of  several  f 1 uorocarbon-oxyyen 
mixtures,  Matula18  reported  significant  burning  of  mixtures  containing 
CgFg  and  C4 ry .  He  also  reported  that.  Cj^g-O^  and  CF4-O9  mixtures  could 
not  be  ignited  at  one  atmosphere1  of  air.  These  results  are  consistent 
with  che  results  presented  in  Fig.  11. 
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(a)  Pyrolysis  tn  inert.  N?  environment  nt 


FIGURE  11.  Chromatograph  of  the  pyrolysis  of  PTFE  (q"  -  430  W/crn^  for  2 
heatings  of  2  sec) 


Figure  12  gives  the  total  ion  chromatograph  for  the  pyrolysis  of  Viton  A 
in  an  inert  N2  atmosphere.  The  major  species  evolved  were  CF3H,  C^F^, 
C2F4,  C2F3H,  C2F5H,  C3F4H2>  C3F6,  C3F5H,  C4F6H2,  CpF10,  C5F7H,  and  C4Fg. 
The  two  most  abundant  species  evolved  were  C2F6  and  C3Fg,  which  were  also 
the  most  abundant  species,  along  with  the  monomer,  that  were  evolved  from 
PTFE.  The  similarity  of  products  between  PTFE  and  Viton  A  substantiates 
the  claim  that  the  effect  of  oxygen  on  the  decomposition  products  for 
Viton  A  and  PTFE  may  be  quite  similar.  Interestingly,  no  CF4  was 
observed  for  Viton  A,  but  a  peak  observed  at  the  same  time  it  is  normally 
eluted  contained  CF3H.  A  trend  was  observed  where  fluorine  atoms  were 
replaced  by  hydrogen  atoms  in  seme  of  the  more  common  CfpF n  structures 
(i.e.,  C3F5  »>  C3F5H)  . 

The  chromatographs  of  the  gaseous  product  species  evolved  for  the 
ignition  and  combustion  of  the  MTV  propellant  are  presented  in  Figs.  13 
and  14.  Since  the  5  millimeter  cubes  of  propellant  were  totally  consumed 
after  ignition  and  the  gas  samples  were  taken  after  the  test  was  over, 
the  species  analyzed  were  the  products  of  sustained  combustion  and  not 
just  ignition.  Figure  13a  displays  the  results  of  tests  conducted  in 
air,  and  the  tests  for  Fig.  130  were  conducted  in  an  inert  nitrogen 
atmosphere.  Magnesium  compounds  were  not  observed  in  the  gaseous  state 
in  either  case.  As  was  seen  in  Fig.  11,  tests  run  in  air  also  produced 
CO  and  C02  as  well  as  most  of  the  other  products  identified  in  the 
combustion  in  an  inert  atmosphere. 

The  rest  of  the  peaks  observed  in  these  chromatographs  establish  an 
important  point  to  be  considered  in  the  mechanisms  of  ignition  and 
subsequent  combustion  of  the  propellant.  Almost  all  or  the  species 
observed  for  combustion  in  both  air  and  an  inert  N2  atmosphere  were  CaHp 
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FIGURE  12.  Chromatograph  of  the  pyrolysis  of  Viton  A  In  an  Inert  W? 

environment  at  t  atmosphere  (q"  -  430  W/orr  for  2  heatings  of 
2  seconds) 


compounds,  and  the  numerous  CmFn  and  CxHyFx  observed  in  the  pyrolysis  of 
Teflon  and  Viton  A  were  not  found  in  the  combustion  of  the  MTV  propellant. 
A  probable  explanation  is  that  the  primary  pyrolysis  species  are  consumed 
to  form  undetected  HF  or  to  form  the  observed  MgFj;  solid  products.  Also, 
the  small  peaks  from  8-13  minutes  observed  in  the  inert  combustion  tests 
are  not  evident  in  the  combustion  i r.  air;  clearly,  the  combustion  in  an 
inert  atmosphere  is  not  as  complete  as  that  in  air. 

In  Fig.  14,  gas  samples  of  the  MTV  propellant  ignition  and  combustion  in 
air  were  also  run  through  a  series  of  Porapak  Q  and  R  columns  for  species 
identification.  These  columns  are  more  applicable  to  detecting  CaH[) 
compounds.  However,  only  a  few  compounds  of  this  type  were  detected, 
though,  in  small  amounts,  as  well  as  a  significant  amount  of  CO  and  CO?. 
These  results  verify  the  results  given  in  Fig.  13a  for  the  same 
experimental  conditions  using  the  Carbopack  B/5%  fluorccl  column  for 
analysis. 

X-ray  diffraction  analysis  was  also  used  to  investigate  the  composition 
of  the  condensed-phase  species  evolved  during  the  combustion  of  the 
propellant.  MgF2,  MgO,  and  carbon  were  detected  in  varying  amounts, 
depending  on  the  test  conditions.  Of  course,  MgO  was  only  detected  ir 
significant  amounts  for  the  combustion  in  air. 
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FIGURE  13.  Chromatograph  using  Carbopack  8/51  Fluorcoi  r0iumn  to  analyte 
the  gaseous  products  of  ignition  and  combustion  of  the  MTV 
propellant  (q"  -  430  W/cnP) 
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FIGURE  14.  Chromatogrc*'h  using  a  series  of  Porapak  0  and  k  columns  to 
analyse  the  gaseous  products  of  the  ignition  and  combustion 
of  the  M1V  propellant  in  air  at  1  atmosphere  (q*  -  4.10  W/cm'  ) 


6. 


SUMMARY  AND  CONCLUSIONS 


The  pyrolysis  and  ignition  characteristics  of  a  Mg/PTF£/Vi ton  A  igniter 
material  were  studied  under  radiative  heating  by  a  high-power  CO2  laser. 
The  ignition  sequence  was  recorded  by  both  direct  high-speed  video 
photography  of  the  flame  structure  and  schliere.n  flow  visualization  of 
the  gas-phase  dynamics.  Ignition  delay  times  were  obtained  as  a  function 
of  incident  heat  flux,  pressure,  and  ambient  oxygen  concer tration.  A 
gas  chrornatograph/mass  spectrometer  was  used  to  analyze  the  pyrolysis  and 
ignition  products  of  the  test  sample  and  its  constituents. 

High-speed  video  photography  showed  that  ignition  always  occurred  on  tke 
sample  surface.  A  primary  "flame  zone  attached  to  the  surface  with  a 
height  of  1.2-1. 5  millimeters  was  observed  in  both  air  and  inert  gas 
environments  at  one  atmosphere.  The  size  of  the  luminous  gas-phase  plume 
above  the  primary  flame  decreased  with  a  decrease  in  ambient  oxygen 
concentration  for  tests  conducted  at  one  atmosphere.  However,  at  a 
pressure  of  ~  0.1  atmosphere,  no  evident  plume  evolution  and  gas-phase 
dynamics  were  observed,  and  the  igniter  material  decomposed  in  large 
fragments . 

Ignition  delay  times  decreased  monotonical ly  as  heat  flux  increased, 
pressure  decreased,  or  ambient  oxygen  concentration  decreased.  The 
effect  on  ignition  delay  of  adding  boron  or  Viton  A  to  a  oasic 
composition  of  Mg/PTFE  was  also  investigated.  The  addition  of  boron 
significantly  lowered  the  ignition  delay  time  and  greatly  enhanced 
combustion.  The  addition  of  Viton  A,  which  has  a  much  lower 
decomposition  temperature  and  activation  energy  than  PTFE,  greatly 
lowered  the  ignition  delay  time,  which  led  to  the  conclusion  that  Viton  A 
is  the  rate-control  1 ing  constituent  for  ignition  of  the  MTV  igniter 
material . 

For  combustion  of  the  propellant  in  both  inert  and  air  environments 
at  one  atmosphere,  the  only  gaseous  product  species  detected  were  several 
hydrocarbons ,  with  the  addition  of  CO  and  CO2  in  air.  However,  for 
pyrolysis  of  PTFE  and  Viton  A  individually  in  an  inert  N2  environment, 
numerous  fluorocarbon  species,  and  hydrof 1 uorocarbons  for  Viton  A,  were 
detected.  It  was  concluded  that  these  primary  pyrolysis  species  are 
consumed  to  form  the  detected  hydrocarbons,  CO  and  Cl) 2 ,  for  combustion  in 
air,  undetected  HF,  and  solid  MgF2  and  carbon.  These  condensed  phase 
products  were  identified  with  a  scanning  electron  microscope.  Solid  MyO 
was  also  observed  for  combustion  in  air. 

In  summary,  the  MTV  ;gniter  materia!  with  the  addition  of  boron  is  highly 
recommended  for  base  bleed  appl ications ,  due  to  its  suitable  ignition 
behavior  under  various  gas  and  low-pressure  environments. 
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1 .  INTRODUCTION 


Raufoss  A/S  first  involvement  in  the  basebleed  system  was 
production  of  basebleed  grains  for  BOFORS  in  Sweden.  The 
first  deliveries  were  for  75  mm  guns  in  1983.  Shortly 
after  production  of  grains  for  120  mm  followed. 

The  baseline  propellant  was  a  composi  te  type  with 
hydroxyl  tern!  mated  polybutadiene  ( HTP3 )  binder  system  and 
with  8C%  ammonium  perchlorate  (AP). 

A  central  patent  which  covers  several  aspects  of  the 
basebleed  concept  including  propellant  type,  is  a 
Swedish  patent  held  by  Mr.  Gunners,  Hollgren  and 
Li.1  jegren  { ref  .  1 ) . 

The  development  of  the  composite  propellant  basebleed 
grain  was  performed  mainly  at  the  Swedish  National 
Defence  Research  Institute  (kn^wn  as  FOA  in  Sweden) . 

The  results  from  the  development  work  are  published  in 
public  reports  mainly.  Some  of  the  main  reports  which 
also  will  serve  as  a  source  of  references  to  other  work 
are:  Liljegrens  study  of  the  combustion  of  fuel-rich 
HTPfo-propellants  with  ammonium  perchlorate  as  oxidizer 
(ref.  2)  reported  in  1979,  Gunners,  Kellgren,  L.ll jegren 
and  Nilssons  report  dated  1979  on  designing  and  testing 
of  a  basebleed  system  for  155  mm  gun  (ref.  3),  Lil jegrens 
report  from  1980  on  experience  from  production  of 
composite  propellant  basebleed  grains  fer  105  mm  gun 
rounds  (ref  4),  Nilsson  and  Sandens  report  from  1981  on 
ageing  studies  of  HTPB  composite  propellants  end  liners 
for  rubberbased  inhibitors  (ref.  5)  and  Schwarts'  report 
dated  1982  on  methods  and  results  from  testing  of 
propellant  mechanical  properties  and  bond  strength 
between  inhibitor  and  propellant  ref.  C). 

For  the  time  being,  RAUFOSS  is  producing  composite 
propellant  basebleed  grains  for  155  mm  gun  ammunition  for 
BOFORS.  The  present  production  is  based  on  a  revised 


concept  for  the  basebleed  system .  Tills  is  a  result  of 
development  work  performed  after  a  problem  was 
encountered  in  upscaling  to  155  mm  ammunition. 


7.  INITIAL  BASEBLEED  DEVELOPMENT  ACTIVITIES  AT  'lAiJTOSO 


2 , i  Background 

The  initial  production  of  basebleed  grains  for  75  and  120 
nun  guns  was  based  on  a.  complete  data  package  submitted  by 
BOFORS.  There  were  some  discrepancies  with  RAUFOSS ' 
production  knowhow.  Changes  were  proposed  to  and  accepted 
by  BOFORS.  Propellant  changes  during  that  period  will  be 
described  in  the  following, 


2.2  Bor. ding  Agent 

The  propellant  contained  a  bonding  agent.  A  production 
process  for  that  agent  was  developed  by  Mi.  Nils&cn  and 
Sanden,  FCA,for  HTPB/AP  propellants  (ref.  7).  Bonding 
agents  improve  the  mechanical  properties  of  composite 
propellants  by  increasing  the  adhesive  strength  between 
the  AP  particles  and  the  polymer,  and  are  recognized  as 
necessary  ingredients  in  HTP3  composite  propellants. 

The  specified  agent  was  a  condensation  product  of 
tartaric  acid  and  methyl -a sir idyl-  phosphine  oxide  (MAPO) 
which  is  a  curing  agent  for  carboxyl  terminated 
poiybutadienes .  RAUFOSS  proposed  to  use  another  bondinc 
agent  from  the  amine  family  of  chemicals.  The  rationale 
for  this  change  was  mainly  to  prevent  personnel  from 
exposure  to  carcinogen©  agents  in  the  processing  of 
bonding  agent  ana  propellant.  The  new  agent,  according  to 
our  knowledge,  also  had  better  ageing  properties  in  a 
humid  environment. 


Tests  were  performed  where  propellant,  samples  with 
different  bonding  agents  were  exposed  to  air  with  varied 
relative  humidity.  The  shape  of  the  samples  were  standard 
JAidNAF  dogbcnes  which  have  a  moisture  diffusion  web  of 
approximately  3.5  nun.  After  exposure  the  samples  were 
dried,  The  mechanical  properties  were  measured  before  and 
after  the  treatment.  Results  are  given  in  fig.  .1, 

Even  this  short  duration,  test  indicated  differences  in 
moisture  sensitivity.  When  exposed  to  moist  air,  the 
propellant  with  the  new  bonding  a  out  seems  to  be  able  to 
regain  its  initial  properties  when,  it  is  dried.  The 
previously  used  bonding  agent  seems  to  become 
irreversibly  deteriorated  alter  exposure  tr  moisture,  but 
is  less  sensitive  to  shorttime  exposure.  This  difference 
in  properties  is  :  mportai  t  to  realise-  when  establishing 
procedures  for  handling  of  grains  during  processing  and 
by  the  user . 


mrnim 


However,  moisture  access  to  composite  propellants  is 
always  a  problem  whan  mechanical  properties  are 
concerned.  This  La  illustrated  by  fig.  It  is  a  plot  of 
the  relation  between  mechanical  properties  of:  a 
propellant  versus  relative  humidity  in  the  air  with  which 
the  propellant  is  ir.  equilibrium.  The  propellant  contains 
the  amine  bonding  agent. 


2 .  3  Antioxidant 

A  number  of  antioxidants  are  available  for  HTPB,  RAliFOSS 
produce  a  number  of  propellant  formulations,  and  strive 
for  a  reduction  of  the  number  of  chemicals  stored  inhouse 
for  economical  reasons.  We  proposed  to  change  the 
antioxidant  in  the  basobleed  propellant. 


Ageing  tests  at  elevated  temperature  were  performed  to 
verify  that  no  reduction  in  propel  lane  shelf life  was 
..introduced  by  these  changes  in  the  formulation , 

The  effect  of  humidity  on  ageing  was  included  in  the 
tests.  Propellant  samples  were  stored  in  contact  with  air 
with  a  range  of  different  relative  humidities  up  to  75%. 


3.  DEVELOPMENT  OF  BASEBLEKD  GRAIN  FOR  155  MM  GUN 


3.1  Problem  definition  and  development  resources 

Inside  the  gun  barrel  tne  grain  is  exposed  tw  an 
■environment  with  extreme  deformation  potential. 
Deformation  of  the  qrain  is  a  result  of  the  combined 
forces  from  gas  pressure  and  linear  and  rotational 
acceleration.  A  main  design  goal  for  oasebleed  systems 
consequently  is  to  avoid  that  the  grain  is  strained 
beyond  its  failure  limits. 


A  strain  problem  was  encountered  in  the  155  mm  basebleed 
uni  t  wvtk  unchanged  propellant,  and  upscaled  grain 

curd:  '  "u  rat  ion  . 


id;  RAUFG3S  a  propellant,  development  pc  eg  ram  was 
initiated-  A  problem  ir  propellant  development  wac  that, 
the  deformation  forces  aching  on  the  grain  war  of  a 
magnitude  far  outside  the  range  of  normal  test  equipment 
as  to  de*  >rmaf ion  rate;-  and  pressures. 


BOFORS  had  access  to  special  test  equipment  and 
nimuiat ion  computer  programs ,  which  to  some  degree  gave 
valid  data .  S-.«t  final  verification  of  the  qut-lrty  of  the 
basebleod  grains  could  only  be  proved,  by  expensive  run 


ROFORS  solved  the  problem  for  the  ongoing  production  of 
basebleed  systems  for  155  mm  gun  by  special  mechanical 
designs  combined  with  a  slightly  modified  baseline 
propellant.  RAUFOSS  continued  the  development  of  the 
propellant  for  a  possible  .revision  of  the  basebleed 
system  in  the  future. 


3.2  Description  of  special  test  equipment 

BOFORS  has  equipment  to  test  propellant,  samples  exposed 
to  high  rate  of  compression.  Small  cylinders  are 
compressed  at  a  predetermined  rate.  A  number  of  samples 
are  compressed  to  different  preset  values  with 
registration  of  load  vs.  compression.  After  the  test,  the 
samples  are  visually  inspected  to  determine  cracking.  In 
this  way  the  failure  limits  for  a  propellant  are 
established . 

An  example  of  compression  force  versus  deformation  curves 
is  given  in  fig.  3.  In  this  example  the  line  represents 
test  data  for  a  sample  which  is  compressed  64%  of  its 
initial  height.  The  points  in  squares  are  calculated  from 
uniaxial  tensile  test  data,  and  agrees  very  well  with  the 
experimental  curve  up  to  about  35%  compression. 

The  Swedish  government  has  special  equipment  for 
testing  of  propellant  grains  exposed  to  axial 
accelleration  of  the  same  magnitude  as  in  the  guns,  and 
subsequent  retrieval  of  the  grain  for  visual  inspection. 
Fig.  4  is  a  sketch  of  this  equipment.  Its  main  components 
are  a  120  mm  gun  and  a  long  tube.  The  projectile,  which 
contains  the  test  object,  is  fired  into  the  tube,  and 
braked  by  the  air  in  front  of  it.  The  compressed  air  is 
vented  ouc  at  a  rate  giving  an  unharmful  retardation  of 
the  test  object. 

Fig.  5  is  a  test  projectile  with  a  basebleed  grain. 

To  measure  maximum  deformation  during  acceleration,  a 
witness  rod  is  positioned  in  the  grain  bore.  It  is 
covered  with  wet  paint  which  will  be  transfered  to  the 
grain  where  contact  has  been  established  during  the  test. 
By  varying  the  witness  rod  diameter,  the  deformation  can 
be  registered.  The  grain  also  is  visually  inspected  for 
cracks  after  the  test.  Limitations  in  this  tests  validity 
for  what  is  happening  in  gun  firings,  are  the  lack  of 
rotation  and  exposure  to  gas  pressure. 

The  high  rotation  rate  of  spin-stabilized  projectiles  may 
have  an  influence  on  the  burning  characteristics  of  a 
basebleed  grain.  Possible  effects  of  propellant  changes 
were  tested  on  BOFORS'  spinstand.  Fig.  6  are  examples  of 
pressure  -  time  traces  for  baseline  propellant  grains 
burned  with  and  without  rotation.  Jn  this  example  the 
rotation  increases  the  pressure- in  the  middle  of  the 
barntime . 


3.3  Propellant  development 

The  main  goal  for  the  propellant  development  was  to 
improve  the  mechanical  properties.  The  main  limitations 
to  be  observed  in  the  development  are  the  requirement  of 
fuelrich  propellant  (max.  80%  solids)  and  stable  burning 
at  low  pressure  which  as  a  general  rule  determines  a 
lower  limit  for  oxidizer  content. 

The  initial  studies  were  mainly  variation  of  particle 
size  distribution  and  cure  level.  Binder  system  was  not 
changed.  This  is  conventional  techniques,  and  will  not  be 
discussed  here.  The  novel  parameter  we  introduced,  is  the 
use  of  fibers  to  obtain  a  tougher  propellant. 

Previous  use  of  fibers  is  described  by  L.J.  Van  de  Kieft 
et.al.  (ref  7).  In  1982  published  investigations  on  the 
effect  of  fiber  reinforcement  of  gun  propellants. 

Screening  activities  comprises  of  mixing  in  a  1  gallon 
mixer  to  obtain  processing  data,  dogbone  samples  for 
tensile  testing  and  strands  for  burning  testing.  Some 
promising  formulation  has  been  tested  by  BOFORS  in  the 
special  test  equipment  for  basebleed  grains. 

Different  fiber  types  of  short  fibers,  some  coated  types, 
has  been  added  to  AP/HTPB  propellants.  We  have  found  that 
just  very  small  additions  of  fibers  to  propellants  with 
low  solids  loading  has  a  significant  effect  on  the 
mechanical  properties  of  the  propellant.  Some  may  have  an 
effect  on  burning  properties. 

As  an  example  we  have  chosen  some  effects  of  carbon 
fibers  added  to  the  baseline  propellant  for  the  basebleed 
system.  Fig.  7-9  are  plots  of  the  effect  of  carbon 
fiber  concentration  on  mechanical  properties.  Fig.  10  - 
12  are  plots  of  carbon  fiber  length  vs.  mechanical 
properties . 

Fig.  13  demonstrates  the  effect  of  fibers  in  high  rate 
compression  tests.  Four  samples  are  compressed  to 
different  degrees.  The  broken  line  represents  the 
baseline  80%  solids  propellant. 

Basebleed  grains  with  0.2  %  carbon  fibers  were  burned  in 
BOFORS-’  spin-stand.  Carbcn  fibers  did  not  have 
asignificant  effect  on  burning  properties  on  neither 
static  nor  rotating  grains. 


3.4  Conclusions 

Fiber  addition.  Small  amounts  of  well  distributed  fibers 
added  to  a  composite  propellant  with  low  solids  loading 
have  a  significant  effect  on  mechanical  properties. 
Variation  of  fiber  type,  size,  coating  and  amount  added 
is  a  powerful  tool  in  tailoring  mechanical  properties  of 
such  propellants. 


Burn  tests  of  .155  nun  grains  on  spinstand  revealed  no 
significant  change  in  the  burning  properties  when  carbon 
fibers  was  added  to  the  propellant. 

Propellant  for  155  mm  basebleed.  Tne  ongoing  production, 
is  a  slighly  modified  baseline  propellant  without  fibers. 
The  grain  overstraining  problem  was  solved  by  BOFORS  by 
introducing  a  special  mechanical  design. 


4.  PRODUCTION  OF  BASEBLEED  GRAINS  .FOR  155  MM  GUN  AT 
RAUFOSS 


Fig.  14  is  a  flowchart  for  the  present  basebleed  grain 
production  at  RAUFOSS.  A  blend  of  coarse  and  ground  AP  is 
mixed  with  polymer,  additives  and  curing  agent  in  a  300 
gallon  Baker-Perkins  vertical  mixer.  Propellant  is  cast 
and  cured  according  to  standard  procedures. 

Grains  are  machined  to  correct  dimensions  and  inhibited 
with  curable  inhibitor  according  to  RAUFOSS  processes . 
Special  production  equipment  was  designed  and  built  by 
RAUFOSS  for  the  production  of  basebleed  grains  for  155  mm 
gun  ammunition . 

Quality  control  of  the  propellant  and  the  grains  are 
testing  of 

-  Mechanical  properties 

-  Burn  rate  at  ambient  pressure  and  no  rotation 

-  Peel  test  of  propellant/inhibitor  bond 

-  Weight  and  dimensions. 
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FIGURE  1.  Changes  in  mechanical  properties  of  2  composite 
propellants  with  different  bonding  agents  after  short-time 
exposure  to  moist  air,  and  after  drying. 

Sample  type:  Dogbones,  7  mm  thickness. 
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FIGURE  2.  Effect  of  humidity  on  mechanical  propert 
a  composite  propellant. 
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bacebleed  grains  at  sea  level  pressure 
Upper:  Static  test. 

Lower:  Rotation  test,  16000  rpm. 


TENSILE  STRENGTH  (AT  RUPTURE)  VERSUS  CONCENTRATION  OF  C-FIBERS 
IN  COMPOSITE  PROPELLANT  (6  MM  FIBERS  .  TEMP.  -  20  C) 
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MAXIMUM  TENSILE  STRENGTH  VERSUS  LENGTH  OF  C-FIBERS  IN  COMPOSITE 
PROPELLANT  (CONS.  OF  FIBERS  -  0.2  X  .  TEMP.  -  20  C) 


FIG. 


FIG.  li  ELONGATION  (AT  RUPTURE)  VERSUS  LENGTH  OF  C-FIBERS  IN  COMPOSITE 
PROPELLANT  (CONS.  OF  FIBERS  -  0.2  %  .  TEMP .  -  20  C) 


FIG.  12  MODULUS  OF  ELASTICITY  VERSUS  LENGTH  OF  C-FIBERS  IN  COMPOSITE 
PROPELLANT  (CONS.  OF  FIBERS  -  0.2  %  .  TEMP.  -  20  C) 


FIGURE  13.  High  speed  compression  (500%/min)  reinforce 
propellant  samples.  Broken  line  represents  baseline 
propellant . 

1  :  50%  compression,  no  cracks. 

2-4:  56-70%  compression,  cracks. 
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ABSTRACT 

The  fluid  dynamic  aspect  of  the  effect  of  base  bleed  is  briefly  re¬ 
viewed.  Earlier  understandings  on  the  basis  of  interaction  between  the 
viscous  and  inviscid  streams  can  adequately  explain  the  three  different 
flow  regimes  as  results  of  base  bleed.  The  of Cect  of  energy  addition  ic 
the  wake  has  also  been  ascertained  from  this  approach.  With  the  de¬ 
tailed  numerical  computations  of  the  flow  by  solving  the  Navier-Slokes 
Equations  becoming  available,  the  effect  of  base  bleed  can  be  illus¬ 
trated  by  providing  appropriately  boundary  conditions  of  the  bleed  at 
the  base. 

INTRODUCTION 

Flow  studies  on  the  pressure  prevailing  behind  the  blunt  based  bodies  in 
flight  have  been  prompted  by  the  considerable  importance  On  its 
practical  applications.  Since  this  pre$sure--the  base  pressure,  is 
usually  much  low<.r  than  that  of  the  free  stream,  it  constitutes  a  major 
portion  of  the  overall  drag  experienced  by  the  body.  Although  early 
studies  of  low  speed  flow  around  blunt  based  bodies  tended  to  be  over¬ 
shadowed  by  the  phenomenon  of  vortex  shedding,  research  initiated  since 
the  advent  of  high  speed  flight  resulted  in  a  slow  unraveling  of  the 
processes  and  mechanisms  which  control  and  establisn  these  flows.  The 
essentially  inviscid  external  stream  establishes  and  determines  the 
overall  flow  pattern  including  the  lov;  pressure  prevailing  within  the 
major  portion  of  the  wake.  On  the  other  hand  the  viscous  flow 
processes,  such  as  the  jet  mixing  along  tne  wake  boundary,  recompression 
at  the  end  of  the  wake  and  the  ensuing  process  cf  flow  redevelopment, 
establish  and  determine  the  "corresponding  inviscid  body  geometry." 

Thus,  a  low  base  pressure  is  the  result  of  the  strong  interaction 
between  the  inviscid  and  viscous  flows;  the  latter  being  attached  to  the 
inviscid  flow  in  the  sense  of  the  boundary  layer  concept.  Naturally  the 
method  of  controlling  and  reducing  the  base  drag  becomes  also  part  of 
these  investigations. 
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One  of  the  effective  ways  of  reducing  the  ease  drag  is  to  increase  the 
base  pressure  through  base  bleed.  It  has  been  'earned  that  by  bleeding 
a  certain  amount  of  relatively  hot  fluid  in  the  wake,  the  base  drag  can 
be  reduced.  It  is  the  intention  of  this  paper  to  present  a  brie*. review 
on  the  fluid  dynamic  aspect  of  the  base  bleed.  Flow  models  for  such 
studies  and  the  influence  of  base  bleed  from  the  early  crude  analyses  up 
to  the  sophisticated  approach  through  solving  the  Nav ier-stokes 
equations  are  presented  n;  the  following  sections. 

STUDIES  ON  THE  BASIS  OF  STRONG  INTERACTION 

Nearly  three  decades  ago,  the  second  author  had  the  opportunity  of 
examining  tne  effect  of  base  bleed  with  a  small  scaled  model  (Fig.  I) 
simulating  a  projectile  in  supersonic  flight  [I,1..  For  increasing 
stagnation  pressures  of  the  bleeding  jet  issuing  from  the  center  portion 
of  the  base  into  the  wake,  it  was  learned  that  three  distinctly 
different  flow  regimes  exist  (Fig.  ?).  Starting  from  che  no-bleed 
condition,  where  a  low  base  pressure  prevails  throughout  the  base-wake 
region,  the  base  pressure  would  increase  as  the  stagnation  pressure  of 
the  base  bleed  increases.  Under  this  condition,  all  the  mass  of  bleed 
is  entrained  into  the  mixing  region  along  the  wake  boundary  of  the  slip 
stream,  and  the  flow  condition  (indicated  as  Regime  I)  is  depicted  in 
Fig.  .1.  This  trend  of  increase  of  the  base  pressure  persists  until  a 
maximum  base  pressure  is  reached.  Thereafter,  as  the  stagnation 
pressure  increases,  the  momentum  of  the  bleed  is  strong  that  the  part  of 
the  jet  can  overcome  the  high  pressure  prevailing  at  the  end  of  the  wake 
as  a  result  of  f lcw-recompress ion,  and  the  base  pressure  would  de¬ 
crease.  This  type  of  flow  pattern  is  shown  in  Fig.  4  (identified  as 
Regime  II).  The  base  pressure  would  continue  to  decrease  as  the  stag¬ 
nation  pressure  of  the  base  bleed  increases  until  a  relative  minimum  is 
reached.  Thereafter  for  higher  stagnation  pressure  ratios,  the  jet  is 
so  strong  that  it  oecomes  a  supersonic  stream  itself  and  the  base 
pressure  increases  again  relative  to  the  pressure  of  the  slip  stream. 

The  flow  pattern  pertaining  to  this  region  (Regime  III)  of  the  flow  is 
depicted  in  Fig.  5.  The  interaction  between  the  two  supersonic  streams 
is  such  that  an  equilibrium  base  pressure  is  reached.  In  Fig.  5b,  wnere 
detailed  flow  field  at  the  end  of  the  wake  is  shown,  the  slip  stream  is 
pumping  out  a  certain  amount  of  fie  d  from  the  wake  while  the  jet  stream 
is  feeding  an  equal  amount  into  the  wake  so  that  an  equilibrium  situ¬ 
ation  can  be  maintained.  For  unusually  high  jet  stagnation  pressure 
ratios,  the  base  pressure  may  even  be  higher  than  that  of  the  approach¬ 
ing  free  stream,  and  the  plumrning  jet  may  even  cause  separation  oc  the 
slip  stream  away  from  the  wall  ahead  of  the  base  (plum- induced 
separation) . 

The  above  description  on  the  effect  of  base  bleed  has  bean  observed  cand 
supported  by  many  experimental  investigations  12-51  -  The  theoretical 
description  and  explanation  of  the  phenomena  jl]  were  based  on  a  simple, 
crude,  ye<:  effective  component  analysis  originally  developed  by  Korst 
( 6 | .  By  studying  the  constant  pressure  turbulent  mixing  process  in  con¬ 
junction  with  an  "escape"  criterion  at  the  end  of  the  wake,  an  equil¬ 
ibrium  base  pressure  solution  can  be  reached  by  imposing  the  principle 
of  mass  conservation  within  the  wake.  Although  this  study  |  l  i  was 
carried  out  with  a  two  dimensional  mode!  with  a  supersonic  slip  stream, 
it.  is  equally  applicable  to  an  ax i symmetric  configuration  as  the 
separated  flow  field  is  governed  by  tne  same  flow  mechanisms  of  viscous 


interactions.  It  may  also  be  conjectured  that  similar  ph  nnomonon  also 
exists  for  other  flow  regimes  of  the  slid  stream, 

Through  a  similar  consideration,  the  effect  of  heat  addition  into  the 
wake  through  conducting  walls  on  the  base  pressure  has  also  been 
examined  [7|.  Figure  6  presents  a  set  oi  results  for  a  flow  past  a 
backward  facing  step  showing  the  influence  of  heat  addition  (or 
extraction)  on  the  base  pressure  ratio  without  any  mass  addition,  wnHe 
Fig.  7  shows  the  effect  of  both  mass  and  beat  addition  for  the  same 
problem.  Experimental  verification  on  the  effect  of  heat  addition  is 
also  presented  in  Fig.  8  |7).  Obviously  heat  addition  provides  the.  same 
favorable  influence  as  the  mass  bleed. 

The  methods  of  analysis  on  viscous  flow  recompress  ion  and  redevelopment 
were  improved  and  developed  later  [8-12).  These  more  refined  analyses 
have  been  employed  to  study  base  pressure  problems  in  supersonic, 
incompressible  arid  transonic  flow  regimes,  specifically,  the  study  of 
transonic  flow  past  a  projectile  based  on  an  equivalent  body  concept 
yielded  the  detailed  breakdown  of  the  fore-body  drag,  the  skin  friction, 
and  the  base  drag.  Indeed,  the  base  drag  is  always  a  major  portion  of 
the  total  drag  experienced  by  the  projectile  (see  Fig.  9).  The  merit  of 
boattailing  has  also  been  substantiated  and  explained  [12].  It  is 
conceivable  that  the  effect  of  base  bleed  may  be  examined  with  these 
improved  analyses.  Since  the  schemes  of  large  scaled  numerical 
computations  have  been  developed,  this  effort  has  not  been  pursued. 

STUDIES  THROUGH  SOLVING  THE  NAVIER-STOKES  EQUATIONS 

As  more  powerful  (both  in  speed  and  memory  space)  digital  computers 
become  available,  it  is  quite  pomjlar  t.o  examine  flow  problems  by 
solving  fne  Navier-Stok.es  equations  with  adequate  turbulence  modeling. 
Indeed  one  of  the  major  research  activities  of  the  first  author  nas  been 
the  study  of  base  pressure  problems  with  or  without  bleed,  by  solving 
the  Navier-Stokes  equations  in  the  transformed  coordinates.  Upon 
adopting  a  thin- layer  approximation  of  the  transformed  Navier-Stokes 
equation,  the  phenomena  of  base  bleed  in  any  ot  the  foregoingiy 
described  flow  regimes  can  be  completely  predicted  from  this  approach  by 
simply  providing  the  appropriate  boundary  conditions  in  thp  base  region 
(conditions  of  the  bleeding  jet).  Results  obtained  by  the  first  author 
and  his  colleagues  [  13-17)  have  supported  the  observed  influences  of  the 
base  bleed  throughout  all  three  flow  regimes.  Figure  10  shows  the 
detailed  streamline  pattern  of  the  flow  within  the  regime  I,  where  all 
mass  of  bleed  has  been  entrained  into  the  mixing  region.  It  can  be 
easily  observed  from  this  figure  that,  i)  the  horizontal  bleed  core  flow 
persists  farther  downstream  within  the  wake  for  a  larger  mass  bleed 
parameter  (I)  before  it  is  completely  entrained  into  the  mixing  region, 
and  ii)  judging  from  the  shade  simulating  the  Prandtl -Meyer  expansion  at 
the  corner,  larger  mass  bleed  parameter  corresponds  to  a  higher  base 
pressure  ratio.  Indeed,  this  increase  in  pressure  is  also  observed  in 
tne  early  phase  of  the  bleed  for  the  rase  shown  in  Fig.  11.  Figure  31 
also  shows  a  drop  in  the  base  pressure  ratio  for  a  higher  stagnation 
pressure  of  the  bleeding  jet  (or  a  larger  bleed  parameter)  which 
corresponds  to  the  flow  conditions  within  the  Regime  II.  A  detailed 
streamline  plot  does  indicate  that  some  of  the  bleed  flow  can  penetrate 
the  downstream  region  of  a  higher  pressure  (see  Fig.  12).  1  igure  13 

shows  the  case  of  higher  jet  stagnation  pressure  ratios,  where  the  bleed 


stream  becomes  a  p lumminq  jet.  This  is  obviously  the  flow  condition  in 
Regime  III.  The  base  pressure  increases  as  the  stagnation  pressure  (or 
the  static  pressure)  of  the  jet  is  increased.  A  detailed  streamline 
flow  pattern  of  the  plumming  jet  is  shown  in  Fig.  14,  The  interaction 
between  the  jet  and  the  free  stream  results  in  a  pair  of  recirculating 
bubbles  in  the  near  wake.  Many  other  investigators  have  also  computed 
the  popular  MICOM  problem  [ 18-20 J  within  this  flow  regime. 

For  all  these  numerical  computations,  there  is  only  the  effect  of  mass 
bleed  if  the  stagnation  temperature  of  the  jet,  T  ■,  equals  to  that  of 
the  free  stream,  T  .  Should  T»0  •  >  TQi  ,  the  results  corresponds  to  the 
combined  influences  of  both  the  mass  and  energy  additions.  Such  a 
simulation  can  easily  be  produced  by  simply  changing  the  temperature 
boundary  condition  at  the  bleed  exit. 

CONCLUSIONS 

A  short  review  of  the  fluid  dynamic  aspect,  of  the  effect  of  base  bleed 
is  given.  From  the  interactive  study,  it  was  observed  that  depending 
upon  the  relative  level  of  the  stagnation  pressure  of  the  bleed  stream, 
its  influence  to  the  base  pressure  ratio  can  be  classified  into  three 
distinctively  different  flow  regimes.  The  effect  of  energy  addition  to 
the  wake  can  also  be  extracted  from  a  simple  component  analysis. 

However,  since  the  schemes  of  large  scaled  numerical  computation  of  the 
Navier-stokes  equation  became  available,  it  has  been  shown  that  the 
effect  of  base  bleed  can  be  effectively  simulated  by  providing  the 
appropriate  boundary  conditions  of  the  bleeding  stream  at  the  base.  It 
may  be  anticipated  that  the  effect  of  combustion  by  bleeding  fuel  into 
the  wake  may  be  interpreted  in  terms  of  the  effects  of  mass  and  energy 
additions.  Again,  when  chemical  reactive  computer  code  is  incorporated 
into  the  present  Navier-Stoxes  solver,  this  phenomenon  can  be  simulated 
by  simply  specifying  the  concentration  of  various  reaccive  species  at. 
the  bleed  exit. 

ACKNOWLEDGMENT 

The  authors  are  grateful  to  Dr.  K.  B.  Sturek  and  Mr.  C.  0.  Nietubicz  at 
the  Ballistic  Research  Laboratory  for  their  continued  interest  and 
guidance  on  the  numerical  computations  of  the  base  pressure  problems. 

The  second  author  wishes  to  acknowledge  the  support  of  the  li.S.  Army 
Grant  DAAL03-87-K-0010,  and  NSF  Grant  No.  MSM-8603985  so  that  large 
scaled  numerical  computations  are  possible. 


REFERENCES 

1.  Chow,  W.  L.,  '‘On  the  Base  Pressure  Resulting  from  the  Interaction  of 
a  Supersonic  External  Stream  with  a  Sonic  or  Subsonic  Jet,"  J.  Aero. 
Sci.,  Vol.  26,  No.  3,  pp.  1/6  180,  l 959 . 

2.  F  u  ! 1 .  r ,  L .  ,  and  Reid  J. ,  "Experiments  on  I  wo  -  Dimension.!  I  Base  I  low 
at  M  -  2.4,"  Br  .  RAF  Report  Aero,  2669,  1956. 

3.  Wimbrow,  W.  R. ,  fffoct.  of  Base  Bleed  on  the  Base  Pressure  of  Blunt 
Trailing  Edge  Airfoils  at  Supersonic  Speeds,  MAC A  KM  AS4A  0/,  1964. 


4.  Bowman ,  J.  E.,  Clayden,  W.  A.,  "Cylindrical  Afterbodies  in 
Supersonic  Flow  with  Gas  Ejection,"  AIAA  Journal,  Vo  1 .  5,  pn.  1  524- 
1525  ,  l96 7 ;  'Cylindrical  Afterbodies  at  Mr  -  2  with  Hot.  Gas 
Ejection,"  A I AA_ Journal ,  Vol.  6,  pp.  2429-2431  ,  1968. 

5.  Schilling,  ll.  (1984),  "Exper imental  Investigation  on  the  Base-Bleed- 
Effect  for  Body-Tai 1 -Combinations.  Proc.,  8th  Intern,  Symp. 
Ballistics,  Amsterdam. 

6.  Korst,  H.  H.,  "A  Theory  for  Base  Pressures  in  Transonic  arid  Super¬ 
sonic  Flow,  Journal  of  Applied  Mechanics ,  Vol.  23,  pp.  593-600, 

1956. 

7.  Page,  R.  H. ,  and  Korst,  FI.  H.,  "Non-Isoenerget.ic  Compressible  Jet 
Mixing  with  Consideration  of  its  Influence  on  the  Base  Pressure 
Proolem,"  Droc.,  Fourth  Midwestern  Conference  on  Fluid  Mechanics, 
Purdue  Univ.,  pp.  45-68,  Sept.  1955. 

8.  Chow,  W .  L.,  "Recompression  of  a  Two-Dimensional  Supersonic 
Turbulent  Free  Shear  Layer,"  Devlopment  of  Mech.,  Vol.  6,  Proc . , 
12th  Midwestern  Mech.  Conf.,  University  of  Notre  Dame  Press,  1971, 
pp.  319-332." 

9.  Chow,  W.  L. ,  and  Spring,  D.  J.,  "The  Viscous  Interaction  of  Flow 
Redevelopment  after  Reattachment  with  Supersonic  External  Streams," 
AIAA  JourriaJ ,  Vol.  13,  No.  12,  pp.  1576-1584,  1975. 


10.  Chow,  W.  L. ,  and  Spring,  D.  J.,  "Viscid-Inviscid  Interaction  of  Two- 
Dimensional  Incompressible  Separated  Flows,"  J.  Appl ied  Mech. , 

Vol.  43,  Series  E,  Sept..  1976,  pp.  387-395. 

11.  Chow,  W.  L.,  "8ase  Pressure  of  a  Project1 le  within  the  Transonic 
Flight  Regime,"  AIAA  Paper  84-230,  presented  in  the  AIAA  22nj 
Aerospace  Sciences  Meeting,  Reno,  Nevada,  Jan.  1984,  also  AJAA  J., 
Vol.  23,  No.  3,  1985,  pp.  388-395. 

12.  Chow,  W.  L.,  "The  Effect  of  Boattailing  of  a  Projectile  in  Transonic 
Flow,"  Proc  1_,_of_  the  Third  Sympos i urn _on  Numer i ca  1  and_  Phys i_ca  1 
Aspects  of  Aerodynamic  FJows,  California  State  University,  Long 
Beacn,  CA,  Jan.  1985,  9-15  to  9-23. 

13.  Sahu,  J.,  N:Ptubicc,  C.  J.,  and  Sieger,  J.  L.,  "Numerical  Computa¬ 
tion  of  Base  Flow  for  a  Projectile  at.  transonic  Speeds,"  U.S.  Army 
Ballistic  Research  laboratory,  Aberdeen  Proving  Ground,  MD,  ARBRL 
IK-02495,  June  1983.  (All  A130293)  (See  also,  AIAA  Paper  No.  82-1358, 
August  1982.) 

14.  Sahu,  J. ,  hpitjbic/,  C.  J.,  and  Stegor,  J.  1 .  ,  "Nav ier -Stokes 
Computations  of  Projectile  Base  1  low  at  Transonic  Speeds  With  and 
Without  Mass  Injection,"  ARBRL  I R  02532,  U.S.  Army  Ballistic 
Research  laboratory,  Aberdeen  Proving  Ground,  MU.  Nov.  i 98 3  (see 
also  AIAA  Journal,  Vol.  21,  No.  9,  Sept.  1985,  pp.  1.348  1  155). 

15.  Sahu,  J.,  and  N  i  et.uh  i  e  r ,  (  .  J.,  "Numerical  Computation  of  Base  i  low 
t  or  a  Missile  in  the  Presence  ot  a  i  entered  Jet,"  aRHR!  MR  -  J 19  , 

U.S.  Army  Ha  i  list  it  Research  l  abor.i  t  ory ,  Aberdeen  Proving  Ground, 

Ml),  October  198-1.  (All  A!  48, ’EM  1  (See  also,  AIAA  Paper  No.  84  05?/, 
Januar  y  1981.  i 


16.  Sahu,  J.,  "Supersonic  Flow  over  Cylindrical  Afterbodies  with  Base 
Bleed,"  U.S.  Army  Ballistic  Research  Laboratory,  ARRAQCOM,  Tech. 
Report.  RRL-TR-2742,  June  1986  ( see  also  Computational  Mechanics, 

Mo,  2,  198/,  pp.  176-184) .  "" . 

j 7.  Sahu,  J.,  "Computations  of  Supersonic  Flow  over  a  Missile  Afterbody 
Containing  an  Exhaust  Jet,"  J.  of  Spacecraft  and  Rockets,  Vo'l .  24, 
No.  25,  Sept. -Oct.,  1987,  pp.  403-410. 

18.  Petrie,  H.  L.,  and  6.  J.  Walter,  "Comparisons  of  Experime-t  and 
Computations  for  a  Missile  Base  Region  Flow  Field  with  a  I  entered- 
Propulsive  Jet,"  A1AA  Paper  85-1618,  1985 . 

19.  Venkatapathy ,  E . ,  C.  K.  Lombard,  and  C.  C.  Luh,  "Accurate  Numerical 
Simulation  of  Supersonic  Jet  Exhaust  Flow  with  CSCM  on  Adaptive 
Overlapping  Grids,"  AIAA  Paper  87-0465. 

20.  Hoffman,  J.  J.,  Birch,  S.  f.,  Hopcroft,  R.  G.,  and  Holcomb,  J.  E . , 
"Nav ier-Stokes  Calculations  of  Rocket  Base  Flows,"  AIAA-Paper  87- 
0456. 


ri|3J 


Meot  T*om»e*  Ro'e  cXe«lO 

Fig.  6  The  effect  of  heat 
addition  on  base 
pressure 


Fig.  8  Base  pressure  as 
influenced  by 


Fig.  7  The  effect  of  both 

mass  and  heat  additions 


Diog  &eoMa«n  in  % 


Fig.  9  Breakdown  of  drag 

characteristics  of  a 
SOC-6  projectile 
(based  on  the  results 
obtained  from 
Ref.  |11|) 


energy  addition 


m,-:  v  **o  /•«!>: 


Fig.  10  Velocity  vectors  in  the  base  region  (from  Ref.  1 16 i ) 
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Fig.  11  Base  pressure  as 
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INTRODUCTION 


The  ability  to  compote  the  base  region  flow  field  for  projectile  config¬ 
urations  using  Nav'ier-Stokes  computational  techniques  has  been  developed 
over  the  past  few  years.  This  capability  is  most  important  for  deter¬ 
mining  aerodynamic  coefficient  daca  and  in  particular  the  total 
aerodynamic  drag.  The  total  drag  as  described  in  this  paper  consists  of 
the  pressure  drag  (excluding  the  bast),  viscous  drag  and  base  drag 
components.  At  transonic  and  low  supersonic  speeds  the  base  drag 
component:  is  the  major  contributor  to  the  total  aerodynamic  drag. 

The  majority  of  base  flow  calculations  to  date  have  modeled  the  base 
region  as  a  fiat  solid  surface.  Many  of  the  actual  configurations  have 
some  form  of  base  cavity.  General  opinion  has  been  that  the  inclusion  of 
a  base  cavity  or  modifications  to  the  interior  cavity  of  a  projectile 
base  would  have  little  or  no  effect  on  the  overall  flight  performance 
parameter's.  In  addition  to  base  cavities  projectiles  are  currently  being 
Gesigred  which  include  Dase  bleed  and  base  burning. 

The  M864  base  burn  projectile  is  a  configuration  of  current  interest  and 
includes  both  a  dome  base  cavity  and  a  base  burn  capability.  A  schematic 
i 5  shewn  m  Figure  1.  The  shape  of  the  M864  is  similar  to  that  of  the 
ornauct  improved  M825  which  also  contains  a  base  cavity.1  Very  limited 
data  exists  for  the  M864  and  the  effects  of  both  the  dome  base  and  the 
addition  of  base  bieed  are  not  well  understood.  Range  firings  have  been 
conducted  for  the  M864  with  an  inert,  base  burn  motor  and  active  motors. 
Reductions  in  hose  drag  of  between  30-50%  have  been  found  during  the  30 
second  meter  bur  ' 


A  Navi e- Stokes  computational  study  is  in  progress  to  determine  the  aero- 
dye  ,nii.  coefficients  for  the  M864  both  with  and  without  base  bleed.  A 
flit  rase  M864  calculation  was  performed  to  determine  the  effect  of  the 
ban  cavity.  The  use  of  Navi er- Stokes  codes  can  provide  a  detailed 
description  cf  the  flow  field  associated  these  configurations  as  well  as 
the  integrated  aerodynamic  coefficients.  The  work  to  date  has  been 
accomplished  us-ng  an  axi symmetric  base  flow  _ode.  Numerical  computa¬ 
tions  have  been  completed  for  a  Mach  number  range  of  (,.?  <  M  «*  2.5.  The 
computed  aerodynamic  d-’aq  show  a  small  reduction  it  the  -  otal  aeroayr.arni  <; 
dr-vg  f%r  the  dome  configuration.  Additional  drag  u  luct'on  was  found  by 
medal i nq  cold  mass  addition  in  the  base  region.  Further  reduction  in 
drag  was  found  with  hot  mass  injection.  Qualitative  features  of  the 


INTRODUCTION 


computed  flow  fields  are  presented  in  the  form  of  velocity  vectors,  and 
particle  paths. 


GOVERNING  EQUATIONS  AND  SOLUTION  TECHNIQUE 


Governing  Equations 

The  complete  set  of  time-dependent,  thin-layer.  Navi er-Stokes  equations 
is  solved  numerically  to  obtain  a  solution  to  this  problem.  The  numeri¬ 
cal  technique  used  is  an  impl icit- finite  difference  scheme.  Although 
time-dependent  calculations  are  made,  the  transient  flow  is  not  of 
primary  interest  at  the  present  time.  The  steady  flow,  which  is  the 
desired  result,  is  obtained  in  a  time  asymptotic  fashion. 

The  time-dependent,  thin-layer,  Navier-Stok.es  equations  written  in  strong 
conservation  law  form  for  the  axi symmetri c  formulation3  are: 


is  +  il  +  iG  +  h  =_!.£§ 

<St  6;  Re  6c 


(1) 


The  general  coordinate  transformati ons  are  defined  as: 


4  £(x,y,z,t) 

-  i  s 

the 

longitudinal 

coordi nate 

5  =  e(x,y,z,t) 

••  i  s 

the 

near  normal 

coordinate 

i  -  t 

-  i  s 

the 

time 

The  vector  q  contains  the  dependent  variables  [p.  pu,  pv,  pw,  e]  and  the 

flux  vectors  E,  G  contain  terms  which  arise  from  the  conservation  of 

mass,  momentum  and  energy.  Tile  source  vector  H,  in -Equation  (1), 
contains  terms  wnich  result  from  ari  analytic  determination  of  the 
circumferential  flux  vector  given  the  assumption  of  axi symmetri c  flow  and 
constant  angular  velocity.3  The  viscous  terms  are  contained  in  the 

vector  S  which  is  seen  to  have  variation  in  the  C  direction  only.  This 
is  representati ve  of  the  thin-layer  approximati on. 


Solution  Technique 

The  numerical  algorithm  used  for  the  solution  of  Equation  (1)  is  the  Beam 
arid  Wa. ming4  implicit,  approximately  factored,  finite-difference  scheme 
which  uses  central  differencing  in  both  4  and  c  directions.  Code 
improvements  hove  been  made  to  include  a  /ari able  time  step,  numerical 
smoothing  based  on  local  solution  gradients  and  code  vecto  ~i  zat  i  on. The 
Beam-Warming  implicit  algorithm  has  been  used  in  various  applications  for 
the  equations  in  genera!  cur-n  linear  coordinates.  The  algorithm  is 
first-order  accurate  in  time  arid  second-  or  fourth-order  accurate  in 
space.  Central  difference  operators  are  employed;  the  algorithm  produces 
a  block  tii diagonal  system  for  each  space  coordinate.  The  main  computa¬ 
tional  work  is*  contained  in  the  solution  of  ‘These  block  tridiaqonal 
systems  of  equations. 


To  suppress  high  frequency  components  that  appear  in  regions  containing 
severe  pressure  gradients  e.g. ,  shocks  or  stagnation  points,  artificial 
dissipation  terms  are  added.  In  the  present  application,  a  switching 
dissipation  model  is  used  which  is  a  hi  end  of  second-  and  fourth-order 
dissipation  terms.  This  is  similar  to  the  model  used  by  Pulliam6  which 
uses  a  fourth-order  dissipation  in  smooth  regions  and  switches  to  a 
second-order  dissipation  in  regions  containing  high  pressure  or  density 
gradients.  Incorporation  of  this  dissipation  model  has  resulted  in  an 
improvement  in  the  quality  of  the  results  and  has  made  the  code  more 
robust. 

The  axi  symmetri  c  code  that  solves  Equation  (.1)  ui  *s  a  unique  flow  field 
segmentation  procedure  to  compete  the  full  flow  1  aid  over  a  projectile 
or  a  missile  including  the  base  region.  The  details  of  this  can  be  found 
in  Reference.7  For  the  computation  of  turbulent,  fl ows,  the  two-layer 
algebraic,  Baldwin-Lomax,  turbulence  model6  is  used  over  the  projectile 
body. 


BOUNDARY  CONDITIONS 


The  outer  computati onal  boundary  was  kept  at  approximately  12  body 
diameters  from  the  body  surface.  This  allows  free  stream  conditions  to 
be  imposed  at  the  outer  boundary.  At  the  downstream  boundary  extrapola¬ 
ted  outflow  conditions  were  used. 

Viscous  boundary  conditions  were  imposed  on  the  surface  using  no  slip  at 
the  wall.  The  normal  momentum  equation  is  solved  at  the  wall  for  pn,  the 

normal  pressure  gradient.  The  free  flight  wall  temperature  is  specified. 
Using  tne  time  lagged  pressure,  the  density  at  the  wall  is  determined. 

The  base  bleed  boundary  conditions  initially  used  were  as  described  in 
Reference  9,  where  the  bleed  conditions  are  iteratively  set.  The  current 
boundary  conditions  do  not  require  interation  and  follow  from  knowing  the 
computed  pressure  arid  flow  field  variable^  at  each  time  step.  The  bleed 
boundary  conditions  are  thus  lagged  in  time.  The  bleed  conditions  (pu)^, 

arid  Tq  are  specified  while  p-  -  p j  is  the  pressure  at  the  interface 

boundary  at  time  step  ri.  The  bleed  stagnation  pressure,  pQ  ,  is  defined 

and  the  bleed  properties  of  p-  and  T-  are  known.  By  specifying  the  mass 
injection  rate  as: 


p  •  u  .  A  . 

I  =  J  J  J 
P«u»Ab 

the  bleed  Mach  number  (M-)  can  be  directly  solved  by: 
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where  A^  and  A  ■  .ire  the  area  of  the  D;iS‘  and  Bleed  opening  respectively. 

Using  isentr.  pic  relations  the  bleed  stagnation  pressure  p().  and  static 

J 

temperature  I-  can  be  calculated.  Given  the  temperas  me  and  pressure  the 

density  is  computed  and  the  boundary  conditions  for  the  next  time  step 
are  obtained. 


MODEL  GEOMETRY  AND  COMPUTATIONAL  GRID 


The  computational  model  of  the  M864  is  shown  in  figui.  2.  FI  in  features 
of  this  projectile  which  have  not  been  model;  i  exact iy  are  the  megl  ii  on 
the  fuze  and  the  rotating  band  near  the  base.  The  rotating  band  wa 
eliminated.  The  meplat  was  modeled  as  a  hemisphere  cap.  Ti  e  model  no  .e 
is  a  combination  of  ogive  and  conical  sections.  The  cylindrical  section 
is  slightly  undercut,  and  the  boattail  length  is  0.524  calibers  w'th  a  1° 
angle.  The  general  shape  of  the  internal  be  ;e  cavity  is  shown  as  a 
dotted  line  on  the  boattail.  Tne  base  burn  motor  is  located  interna  I ''y 
with  the  exhaust  port  centered  on  the  uio!  'I  axis. 

The  solution  technique  requires  the  discretization  of  the  entire  fi  ,w 
region  of  interest  into  a  suitable  computational  grid.  The  grid  outer 
bound?  y  has  been  placed  at  1.5  body  lengths  upstream  and  surrounding  he 
projectile.  The  downstream  boundary  was  placed  at  2  body  lengths.  Sire  a 
the  calculations  are  in  the  subsonic/transonic  regime,  the  computation?.  I 
boundaries  must  extend  out  beyond  the  influence  of  the  body.  This 
ensures  that  the  specified  boundary  conditions  ar<  satisfied. 

Figure  3  shows  the  grid  generated  over  iio  projectile  body  including  the 
base.  It  consists  of  265  longitudinal  paints  and  0  points  in  the  normal 
direction.  This  is  broken  down  into  two  sections:  a  body  region,  and  i 
base  region.  The  surface  points  fo.  each  region  are  selected  using  an 
interactive  design  program.  Each  grid  section  is  then  computed  separate¬ 
ly  using  a  hyperbolic  grid  generation  program.  1 1;  f  igures  4a  and  4b  show 
an  expanded  view  for  both  the  flat  and  dome  base  configurations.  The 
i lat  base  grid  was  routinely  generated.  However,  due  to  the  extreme 
concavity,  the  grid  for  the  dome  base  required  an  increase  in  the  smooth¬ 
ing  values  used  by  the  hyperbolic  grid  generator  as  well  as  the  addition 
of  a  grid  cell  averaging  technique. 


RESIJI  TS 


A  series  of  cal cu lat ions  have  been  run  for  both  the  flat  base  and  the 
actual  domed  M864  witii  and  without  base  bleed  The  Mach  number  range 
computed  was  0.7  M  <  2.5  with  u  -  0° .  Figures  5a  arid  5b  show  the 
computed  velocity  vectors  in  the  wake  region  for  the  flat  base  and  domed 
base,  respectively.  The  effect  of  the  dome  base  is  to  generate  a  second, 
low  speed  reci  rc.ul  at  i  on  in  the  recessed  ravity.  This  recirculation 
bubble  is  ir:  the  opposite  direction  of  the  primary  rec  i  ret  1  at  i  on  pattern. 
This  is  significantly  different  tnan  t.h>-  ret  i  ecu  I  at  ion  pattern  found  fo ' 
the  flat  base  and  other  done  base  configurations 

Computati  ms  have  also  been  performed  for  the  dome  base  wit!  tire  inclu¬ 
sion  of  base  bleed.  The  mass  injec  f  ion  parameter,  i  j.  defined  a-.. 


RESULTS 


I  -  =  nij/p^u^A;  was  useo  to  vary  the  mass  flow  rate.  The  computations  to 

date  have  been  for  cold  and  hot  mass  flow,  with  mass  injection  values  of 
up  to  0.04.  Using  the  propellant  mass  and  a  burn  time  of  30,  seconds  the 
estimated  Ij  -  0.004.  Although  the  actual  mass  f  rate  varies  over  the 

course  of  the  trajectory,  the  present  calculations  were  run  to  see  the 
effect  on  drag  across  a  Mach  number  range.  Figure  6  shows  the  computed 
velocity  vectors  for  the  dome  M864  with  I  =  0.01.  The  addition  of  base 
bleed  has  increased  both  the  size  and  strength  of  the  secondary 
recirculation  region. 

Recent  ground  tests  have  been  completed  for  the  spinning  M864  base  burn 
motor  assembly.  Pressure  taps  arid  a  thermocouple  were  contained  within 
the  base  cavity.  The  temperature  varied  as  a  function  of  spin  and  burn 
time.  A  maximum  temperature  level  of  1700°F  was  obtained.  A  second  set 
of  computations  were  run  to  see  the  effects  of  hot  mass  addition.  The 
results  shown  in  Figures  7a  and  7b  show  particle  traces  in  the  vicinity 
of  the  base  reaion  for  the  bleed  gas  temperature  of  70°F  and  1700°F 
cases,  respectively.  The  red  traces  are  particles  which  originate  from 
the  bleed  ejection  hole.  The  other  colors  were  released  in  various  parts 
of  the  flow  field.  The  effect  of  temperature  is  rather  dramatic  in 
changing  the  recirculation  pattern  within  the  base  flow  field.  At  the 
lower  temperature,  the  bleed  gas  is  shown  to  be  captured  by  the  recircu¬ 
lation  region  near  the  base.  As  the  temperature  is  increased,  all  of  the 
bleed  gas  moves  downstream.  The  higher  temperature  gives  rise  to  an 
increased  velocity  and  thus  an  effective  increase  in  the  mass  injection 
parameter.  The  resultant  effect  of  temperature  on  total  drag  is  shown  in 
Figure  8.  The  increased  temperature  shows  a  net  reduction  in  drag  across 
a  range  of  mass  injection  rates. 

Figure  9  is  a  plot  of  the  computed  drag  coefficient,  Cn  ,  fo1'  the  flat 

uo 

br.se  and  dome  base  with  and  without  base  bleed.  The  computed  drag 
coefficient  is  the  summation  of  the  pressure,  viscous  and  base  drag 
components.  The  results  show  a  decrease  in  total  drag  for  the  dome  base 
configuration  for  all  Mach  numbers.  When  the  base  bleed  is  initiated  a 
further  reduction  in  drag  is  evident. 

Recent  tests  performed  in  the  BRL  Transonic  Aerodynamics  Range  have  pro¬ 
vided  some  limited  drag  data1'  for  the  M864.  This  experimental  data  is 
also  shown  in  Figure  9,  The  experimental  data  is  for  the  M864  without 
base  burn  using  an  inert  burr  motor.  The  computed  results  are  in  general 
agreement  at  the  supersonic  velocities,  however,  in  tne  transonic  and 
subsonic  regions,  the  comparison  is  poor.  The  underpredicti on  of  the 
drag  in  this  region  has  been  noticed  before  and  at  present  licks  a  full 
explanation.  Grid  refinement  studies,  turbulence  modeling  arid  alternate 
solution  techniques  are  currently  in  progress. 
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Numerical  computations  have  been  performed  for  the  (4864  projectile  at 
supersonic  and  transonic  speeds.  The  addition  of  base  bleed  with  a  dome 
base  cavity  has  also  been  computed.  Additional  resu'ts  were  also 
obtained  for  hot  mass  addition. 

The  computed  drag  coefficients  showed  an  overall  decrease  in  dr  g  between 
the  flat  and  dome  base  configuration.  An  additional  decrease  ir.  drag  was 
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found  for  cold  mass  flow  addition  at  the  base.  Further  reductions  ••'ire 
found  for  hot  mass  addition.  A  comparison  of  the  computed  drag  an 
1 'mi ted  experimental  data,  for  a  case  with  no  base  bleed,  indicai.  a 
fair  agreement  at  the  supersonic  speeds.  As  the  Mach  number  approaches 
M  =  1  and  into  the  subsonic  regime,  tie  comparison  becomes  poor.  Grid 
refinement  work  and  alternate  solution  techniques  are  currently  being 
employed  in  an  attempt  to  provide  more  accurate  solutions  in  the  subsonic 
and  transonic  area. 
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FIGURE  1.  Schematic  of  M864 
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FIGURE  2.  Computational  model,  M864 
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FIGURE  3 


Computational  grid  expanded  near  the  model,  M864 
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FIGURE  8,  Total  drag  vs  mass  injection  rate  at  T  =  70°F  arid  1700°F, 
M  =  2.0 
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FIGURE  9.  Comparison  of  computed  and  experimental  drag,  M864,  u  =  0 
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1 .  INTRODUCTION 

In  the  1970s  the  RNLA  expressed  the  aim  to  extend  the 
Artillery  range  to  30  km.  The  most  obvious  way  to  achieve 
this  goal  is  to  increase  the  muzzle  velocity  of  the  projecti¬ 
les.  Therefore  a  charge  9  and  a  new  155mm  Howitzer  were 
necessary. 

Another  approach  in  the  range  extension  project  was  found  in 
the  field  of  exterior  ballistics.  In  particular  the  aerodyna¬ 
mic  performance  of  the  projectile  in  flight  has  been 
improved.  Therefore  a  new  155  mm  projectile  has  been 
developed  in  the  late  1970s.  This  projectile,  the  HE  nr  123 
is  a  slender  boosted  shell  with  nubs  and  a  base  bleed  grain. 
For  an  illustration  of  this  projectile  see  next  page. 

By  means  of  a  mass  flow  at  the  base  of  the  projectile,  the 
base  drag  is  reduced  with  as  consequence  a  range  increase  of 
about  20  % .  A  more  detailed  description  of  the  base  bleed 
effect  will  be  given  below. 

In  the  standard  Nato  MPM  trajectory  model1  (for  more  details 
see  section  4)  an  aerodynamic  pack  is  used  in  which  the  drag 
functions  depend  on  the  Mach  number  M  only.  For  base  bleed 
projectiles  this  does  not  hold  any  more;  the  MPM  model  must 
be  modified  to  describe  the  reduction  of  (base)  drag. 
Therefore  a  base  bleed  burning  model  has  to  be  included. 


2.  BASE  BLEED  EFFECT 

The  base  drag  as  a  component  of  the  total  drag  arises  from 
vortices  and  tuz'bulence  in  the  air.  These  vortices  produce  a 
lowering  of  the  air  pressure  behind  the  projectile.  The  base 
bleed  effect  can  be  described  as  follows.  An  introduction  of 
a  mass  flow  at  the  base  of  the  projectile  leads  to  a  local 
rise  of  the  air  pressure  and  this  results  in  a  reduction  of 
the  base  drag.  As  mentioned  above,  this  reduction  is  not 
solely  dependent  on  the  Mach  number.  The  mass  flow  of  the 
base  bleed  grain,  for  example,  must  also  be  treated  as  an 
explanatory  variable. 


3 .  EFFECTS  TO  BE 
MODELLED 


The  classical  Point 
Mass  (PM)  model  is  a 
2 -dimensional 
trajectory  model  (XY- 
space)  in  which  the 
projectile  is 

treated  as  a  point 
mass .  The  forces 
considered  acting  on 
the  projectile  are 
Drag  and  Gravitation 
and  Coriolis  (only  in 
X  and  Y  direction) 
due  to  the  rotation 
of  the  earth.  There 
FIGURE  1.  THE  HE  nr  .123  are  a  number  of  . 

factors  the  PM  model 
does  not  deal  with. 

The  most  important  ones  are  the  yaw  angle  of  the  projectile 
and  its  spin.  We  may  conclude  that  the  PM  model  is  not 
capable  of  matching  all  flight  data. 

Therefore  a  modified  3-dimensional  (XYZ-space)  trajectory 
model  is  developed:  the  Modified  Point  Mass  (MPM)  model1. 
Apart  from  the  forces  considered  in  the  PM  model,  this  model 
considers  for  example  Magnus  force  and  Magnus  moment  due  to 
the  spin  of  the  projectile  and  Lift  force  caused  by  the  yaw 
angle.  The  result  is  a  rather  large  aerodynamic  package  for 
the  MPM  model  containing  several  coefficients  determined  from 
windtunnel  data. 


The  most  important 
effect  we  want  to 
model  is  the  base 
drag  reduction  above 
mentioned.  Of  lesser 
importance  is  the 
mass  reduction  of  the 
projectile.  A  simple 
theoretical  parameter 
analysis  has  shown 
that  effects  like  for 
instance  changes  in 
the  center  of  gravity 
can  be  neglected  for 
ballistic  purposes2. 

4 .  MPM  MODEL 


The  equation  of  the  projectile  acceleration  u  in  the  MPM 
model  is  given  by: 

u  =  D  +  L  +  Ma  +  G  +  Labda ,  ( 1 ) 

where  D,  L,  Ma ,  G  and  Labda  represent  respectively  the 
acceleration  due  to  Drag,  Lift,  Magnus,  Gravitation  and 
Coriolis . 

The  Drag-function  D  is  given  by 

D  =  .  (Cdo  +  Cc1»(Q.ct«)2  )  .va  (2) 

where  do  is  a  constant,  a-  is  the  yaw  angle,  v  is  the 
projectile  velocity,  Cdo  is  the  total  drag  coefficient  at 
zero  yaw  and  { Q .  a«. ) 2  is  the  yaw  of  repose  drag  term. 

The  trajectory  equation  must  be  solved  numerically.  Often  the 
predictor/corrector  algorithm  is  used  for  this  purpose3. 


5.  MODEL  DESCRIPTION 

Consider  the  total  drag  coefficient  Cdo: 

Cel  O  ~  Cjb  +  Cel  r  +  Cdw  (  3  ) 

We  distinguish  three  different  components;  base  drag, 
frictional  drag  and  wave  drag.  The  burning  of  the  base  bleed 
leads  to  a  reduction  of  the  base  drag  coefficient  only.  We 
define  the  base  drag  factor  for  a  projectile  with  working 
base  bleed  as  equal  to  the  base  drag  factor  for  a  projectile 
with  inert  base  bleed  minus  a  reduction  factor,  so 


Cd*=»  (  Cdb  )  bb  £*Cdfc>  (  4  ) 

The  reduction  factor  6Cdt.  is  not  only  dependent  on  the  Mach 
number  M;  it  is  also  dependent  on  the  mass  flow  iii,  of  the 
base  bleed  grain  defined  as  the  mass  reduction  per  time  unit. 
A  general  form  often  used  for  the  reduction  factor4  is 

6Cdfc,(M,m1; )  =  Cdbo  ( M )  [  1  -  exp(-j(M).  m*/ltw)],  (5) 

where  j(M)  is  an  empirical  function  of  the  Mach  number  and  m« 
is  the  quantity  of  displaced  air  by  the  projectile  per  time 
unit  (air  stream}. 

We  have  now  reduced  the  problem  to  the  modelling  of  the  mass 
flow  m*  since  all  other  factors  are  known  or  can  be  fitted. 


6.  PRESENTATION  OP  THE  BASE  BLEED  BURNING  FORMULAS 

At  this  stage  the  base  bleed  burning  model  can  be  described 
completely.  We  have  chosen  a  model  in  which  the  base  bleed 
burning  proces  is  to  a  large  extend  based  on  the  geometry  of 


the  grain.  The  burn  direction  is  assumed  to  be  perpendicular 
to  the  exposed  base  bleed  surface  according  to  Piobert's  Law. 
Given  the  instantaneous  burn  distance  Sb»  of  the  grain,  it  is 
possible  to  calculate  the  burning  base  bleed  grain  surface 
and  the  remaining  base  bleed  grain  volume  Volt,*,. 

This  remaining  base  bleed  grain  volume  is  sufficient  to  model 
the  projectile  mass  reduction  mr  simply  by 

mr  =  {(Volbb)m  -  Voltot,}  .  (6) 

where  is  the  density  of  the  grain  and  (Volt.b)±n  the 

initial  base  bleed  grain  volume. 

Of  course  tho  instantaneous  burn  distance  can  be  determined 
by  the  burn  velocity  vtob  according  to 

(  Sfc>ib  )  w  "  (Sbbjold  t  V  to  to  *  At  (  7  ) 

So  we  have  reduced  the  problem  to  the  modelling  of  the  burn 
velocity  Vbb.  Static  tests  have  shown3  that  the  burn  velocity 
can  be  given  as  a  function  of  the  pressure  in  the  base  bleed 
unit  pa".  The  modelling  of  this  pressure  pa*  is  crucial.  It 
depends  on  the  undisturbed  air  pressure  p  and  the  burning 
surface  Obb.  We  assume  the  following  relationship,  based  on 
Vi oi lie's  Law: 

Pa‘  =  bo (p/101325 )tol  +  b2.Obb  (8) 

Since  we  have  found  a  relation  between  the  total  time  of 
burning  of  the  grain  and  the  spin  of  the  projectile  we  define 
an  effective  pressure  p*,  that  depends  on  the  spin  of  the 
projectile  (S): 

Pa  ~  Pa  "*■  b3  •  S ,  (  9  ) 

where  bo,...,b3  are  parameters  to  be  estimated. 

The  burn  velocity  is  given  by 

Vbb  =  Co. (Pa/101325)-1,  (10) 

where  Co  and  Ci  are  known  coefficients  from  static  tests5. 

Finally,  given  these  equations  the  mass  flow  is  determined  by 

Mi  -  —  .  Obb  .  Vbb  (11) 

To  illustrate  the  application  of  the  model:  jiv^n  the  start 
values  of  st,b,  and  Voltob,  we  are  able  to  calculate  v*>to  by 

equation  (9)  and  (10)  and  the  mass  flow  m*  by  (11).  Finally 
the  base  drag  reduction  is  given  by  (5).  The  next  calculation 
step  can  be  started  by  using  (7). 


7 .  PARAMETER  ESTIMATION 

After  this  description  of  the  model,  the  next  problem  is  to 
find  correct  estimates  for  the  parameters  bi ,  i=0,...,3.  We 
can  obtain  these  estimates  from  static  and  in  flight  test 
data  on  the  total  burning  time  of  the  base  bleed  grain.  This 
can  be  done  numerically  using  (7)— (10) .  Right  here  the 
problem  of  underidentification  occurs.  That  is,  each  time 
four  parameters  have  to  be  estimated  from  one  measured 
tra  jectory . 

Next  we  have  to  estimate  the  empirical  function  j(M)  in  (5) 
by  comparing  Cd  data  from  projectiles  with  working  base  bleed 
and  Cd  data  from  projectiles  with  inert  base  bleed.  These 
data  will  be  available  in  the  very  near  future  when  the 
results  of  the  rounds  fired  in  the  type  classification 
program  of  the  HE  nr  123  are  available. 


8.  CONCLUDING  REMARKS 

The  RNLA  has  developed  a  model  in  order  to  describe  the  base 
bleed  effect  described  in  section  2.  A  base  bleed  burning 
model  is  included  in  this  model.  It  is  based  on  physical 
considerations.  The  total  burning  time  of  the  base  bleed 
grain  is  not  treated  as  an  input  variable  but  is  calculated 
by  the  model.  On  the  other  hand,  the  modelling  of  the  base 
reduction  itself  might  seem  arbitrary.  We  have  based  our 
functional  relationship  on  literature4  and  make  use  of  a 
fitting  function  j(M).  The  parameter  estimation  has  not  yet 
been  completed.  The  complete  model  incorporated  in  the 
original  MPM-model  describes  the  trajectory  of  the  projectile 
accurately.  Its  first  application  will  be  the  production  of 
the  firing  table  of  the  HE  nr  123. 
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A  Model  of  the  Axial  Drag  Coefficient  for  Base  Bleed 
Proj  ectiles 
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SUMMARY 

The  axial  drag  on  a  projectile  is  usually  expressed  in 
terms  of  the  axial  drag  coefficient  CD»  For  a  conventional 
projectile  C  is  often  regarded  as  a  ^function  of  the  Mach 
number  only.  For  base  bleed  projectiles,  in  their  bleed 
phase,  ballistic  range  data  indicate  that  some  factor 
beside  the  Mach  number  has  a  significant  influence  on  C  . 

It  is  reasonable  to  expect  that  the  ambient  atmospheric1" 
pressure  is  one  such  factor. 

We  attempt  to  relate,  in  an  empirical  way,  the  drag  of  a 
base  bleed  projectile  to  the  geometry  of  its  trajectory  and 
the  stare  of  the  atmosphere.  The  relations  are  not  derived 
from  physical  principles  -  our  approach  is  descriptive  and 
statistical.  The  purpose  is  to  summarize  observations  of 
flight  performance  in  a  way  that  permits  us  to  predict  a 
trajectory  from  its  initial  conditions  and  from  a  picture 
of  the  atmosphere. 

We  propose  a  functional  relation  between  the  Mach  number, 
the  ambient  atmospheric  pressure  and  the  drag  coefficient 
(Section  2).  Its  parameters  are  determined  by  a  regression 
procedure  based  on  time-of-f light  recordings  from  a  Doppler 
radar  instrument.  In  Section  3  we  apply  the  model  to  a  set 
of  experimental  data.  It  proves  capable  of  reproducing 
estimates  along  trajectories  of  widely  differing  shapes.  As 
a  side  effect  some  light  is  thrown  upon  the  extinction  of 
the  bleed  charge  (Section  4).  It  turns  out  to  be  a  more 
drawn-out  process  than  is  often  assumed.  We  report  on  a 
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verification  of  the  model  in  Section  5  and  also  touch  upon 
the  problems  of  modelling  the  transition  from  active  to 
inert  base  bleed.  In  Section  6  we  exemplify  the  use  of  the 
model  by  studying  how  the  shell  temperature  will  influence 
the  burning  of  the  base  bleed  charge.  We  conclude,  in 
Section  7,  that  the  model  may  be  used  as  a  tool  for  the 
construction  of  fire  control  equipment  and  ballistic  range 
tables,  and  also  point  out  some  areas  for  further  investi¬ 
gation  . 


1.  INTRODUCTION 

Artillery  ammunition  has  been  in  a  state  of  rapid  change  in 
Scandinavia  for  several  years.  New  ideas  have  emerged  and 
enough  funding  has  been  received  to  result  in  significant 
improvements  in  range  and  precision. 

Ballistic  measuring  equipment  has  been  developed  by  a 
Danish  company,  OPOS  Electronics  AS;  new  methods  for 
analysing  data  1 ive  been  formulated  by  the  Royal  Swedish 
Navy  together  with  the  National  Defence  Research  Institute 
and  Studsvik  AB. 

This  paper  is  concerned  with  long  range  ammunition.  For  the 
designer  of  a  long  range  projectile  the  main  task  is  to 
keep  the  drag  as  low  as  possible,  thus  increasing  the  range 
or  decreasing  the  time  of  flight. 

The  axial  drag  on  a  projectile  depends  on  the  shape, 
diameter  and  velocity  of  the  projectile  and  on  the  physical 
state  of  the  ambient  atmosphere.  The  shape  dependency  is 
usually  expressed  in  terms  of  a  few  dimensionless  aero¬ 
dynamic  coefficients,  in  particular  the  axial  drag  coeffi¬ 
cient  C_.  For  a  conventional  projectile  CD  is  found  to 
depend  mainly  on  the  projectile  shape  and  the  ratio  of  the 
projectile  velocity  v  to  the  local  sound  velocity  in  air, 
a.  The  ratio  v/a  is  referred  to  as  the  Mach  number. 

In  the  early  stages  of  the  development  of  what  is  new 
called  base  bleed  ammunition  it  was  found  that  the  simple 
relationships  which  are  good  approximations  for  a  conven¬ 
tional  projectile,  were  no  longer  valid.  It  was  concluded 
that  experimental  resources  and  manpower  for  modelling  were 
required  to  study  this  phenomenon.  A  reliable  tool  was 
needed  to  predict  trajectories  for  the  design  of  fire 
control  equipment  and  for  the  calculation  of  range  tables. 

The  objective  of  this  paper  is  to  formulate  the  problem  and 
to  propose  a  solution,  given  experimental  data. 


The  tools  used  are  of  two  kinds,  namely: 

Doppler  radar  records  from  the  firing  in  Sweden  of 
slender-bodied  120  mm  and  155  nun  ammunition  with 
inert  and  active  base  bleed, 

computer  programs  written  at  Studsvik  AB  identi¬ 
fying  the  drag  function  from  recorded  radar  data, 
atmospheric  conditions,  gun  elevation,  the  mass  of 
the  projectile  and  its  loss  of  mass  during  time  of 
flight  etc. 

We  attempt  to  relate,  in  a  simple,  empirical  fashion,  the 
drag  of  a  gun-fired  base  bleed  projectile  to  the  geometry 
of  its  trajectory  and  the  state  of  the  atmosphere.  The 
relations  are  not  derived  from  physical  principles  -  our 
approach  is  descriptive  and  statistical.  Our  purpose  is  to 
summarize  observations  of  flight  performance  in  a  way  that 
permits  us  to  predict  a  trajectory  from  its  initial  condi¬ 
tions  and  from  a  picture  of  the  atmosphere. 

The  proposed  ballistic  model  is  the  aerodynamic  point  mass 
or  modified  point  mass  model  extended  to  account  for  base 
bleed  effects.  It  should  be  possible  to  identify  the 
parameters  from  observations  at  the  proving  ground  using 
ground-based  instruments.  The  model  should  be  accurate 
enough  to  serve  as  the  basis  for  the  design  of  range  tables 
and  data  to  the  fire  control  equipment  for  a  specific 
projectile  design.  We  do  net  aim  to  model  the  burning  of 
the  base  bleed  charge  or  the  dynamics  of  the  injection  of 
mass  into  the  base  flow  region. 

The  essential  results  of  the  study  were  published  in  a 
Studsvik  report  [ 1  ]  . 


2 .  FORMULATION  OF  THE  PROBLEM 

The  theoretical  basis  is  the  aerodynamic  law  and  its 
proportionality  factor,  called  the  drag  coefficient. 

The  drag  of  a  projectile  is  usually  written 

D  -  i  A  p  CD  v2 
where 

A  is  a  reference  area 

p  the  air  density 

Cp  the  drag  coefficient,  in  German  literature 

often  denoted  C 
v  t  tie  projectile  velocity 


In  the  aerodynamic  point,  mass  model  the  drag  coefficient  of 
a  conventional  projectile  is  usually  regarded  as  a  function 
of  the  Mach  number  only.  Experience  from  the  proving  ground 
indicates,  however,  that  this  simple  model  does  not  gene¬ 
rally  apply  to  base  bleed  projectiles  in  their  bleed  phase. 
The  C  curves  reproduced  in  Fig  1  testify  to  this.  They  are 
estimate^  from  two  sets  of  trajectories  in  quadrant  eleva¬ 
tions  20°  and  50°.  The  average  distance  between  the  curves 
is  large  compared  to  the  standard  deviations  of  the  esti¬ 
mated  cj-) '  s ,  at  most  0.001  for  1.0  <  Mach.  jC  1.9. 

Some  factor  beside  the  Mach  number  has  evidently  ha^.  a 
significant  influence  on  the  drag  coefficient.  It  is 
reasonable  to  expect  that  the  ambient  atmospheric  pressure 
may  be  one  such  factor. 


Thus  we  are  led  to  consider  a  functional  relation  of  the 
form 

CD(M,p)  =  u { M )  +  X(M)  ^ 
where 

M  is  the  Mach  number 
p  is  the  local  atmospheric  pressure 
"p  a  reference  pressure 

are  functions  to  be  identified 

The  reference  pressure  is  introduced  to  improve  the  nume¬ 
rical  properties  of  the  estimation  procedure.  The  main 
reason  for  using  the  relative  deviation  from  the  reference 
pressure  as  a  predictor  is  to  become  independent  of 
pressure  units.  The  form  chosen  is  essentially  a  first 
order  Taylor  expansion  of  CD  in  terms  of  p. 

Next  we  have  to  describe  the  unknown  functions  u  and  X  with 
a  reasonably  small  set  of  parameters.  Since  we  have  no 
physical  theory  to  indicate  a  suitable  functional  form,  we 
have  chosen  u(M)  and  A(M)  as  cubic  spline  functions  with 
knots  to  be  prescribed  by  the  analyst.  The  knots  will  be 
denoted 

x^ ,  i=0 .. n  for  u(M) , 

z  ^  ,  i  =  0 . .  toi  x ( M ) . 

The  end-point  conditions  for  the  splines  are  chosen  t-o  be 
u"(x0)  =  u"(xn)  =  0; 
x "  (  Zq )  =  ;  " (  Zv  )  -  0  . 


Nov;  let 


bn«+l  =  Uz!> 

be  the  regression  parameters By  the  theory  of  spline 
functions  we  construct  a  linear  estimator 

n+H+1 

C  (M,p)  =  E  a . (M,p)b . 

j  =  0  3  3 

The  a.'s  are  functions  of  the  local  Mach  number  and  atmos¬ 
pheric  pressure. 

At  this  point  it  is  appropriate  to  remark  that  our  use  of 
spline  functions  to  express  u(M)  and  A(M)  is  one  of  several 
alternatives.  We  could  as  well  have  chosen  a  piecewise 
linear  function  or  a  Lagrange  interpolator  of  higher  order. 
The  advantage  of  the  spline  functions  is  their  inherent 
smoothness . 

In  practice  the  same  (time,  space)  data  will  be  used  to 
estimate  both  M  and  CD.  So  M  is  a  stochastic  variable  with 
a  certain  dispersion,  and  p  is  of  course  not  known  exactly. 
Moreover,  M  and  C  are  not  independent.  The  deviations  of  M 
and  p  propagate  to  the  carriers  a..  However,  we  expect  M, 
which  is  essentially  a  first  derivative  of  space  data,  to 
be  less  contaminated  with  noise  than  Cn,  which  is  essen¬ 
tially  a  second  derivative.  Also,  small  errors  in  p  will 
not  influence  the-  carriers  too  much.  Thus  it  seems  reason¬ 
able  to  choose  the  common  least  squares  criterion  to  find 
the  regression  parameters  b.,  i.e.  to  minimize  the  sum  of 
squared  deviations  of  the  observed  C  ' s  from  the  estimated 
ones . 


=  u  x. 


U  (  X  ). 

n 


3.  APPLICATION  TO  EXPERIMENTAL  DATA 

Our  first  approach  is  to  apply  the  assumed  model  on  tests 
conducted  at  Torhamn  and  in  the  isle  of  Oland,  Sweden,  in 
October  1984.  36  rounds  of  a  155  mm  projectile  were  fired, 
11  of  which  were  inert  to  provide  baseling  drag  data.  The 
quadrant  elevations  ranged  from  18°  to  70°.  Occasionally 
data  will  be  taken  from  a  second  set  of  experiments  con¬ 
ducted  with  a  120  mm  projectile  at  the  Torhamn  experimental 
range  in  April  1985. 

The  projectiles  were  tracked  by  a  Doppler  radar  system. 
Recordings  of  (time,  space)  values  were  processed  by  a  drag 


analyser  program  providing  tables  of  M,  p  and  CD  for  35-65 
time  of  flight  points  dispersed  along  each  trajectory. 

A  few  rounds  have  been  omitted  from  the  data  set.  Observed 
C  values  for  one  such  projectile  are  shown  in  Figure  2. 

For  illustrative  purpose,  although  prematurely,  curves  of 
estimated  C^'s  for  inert  and  active  base  bleed  are  dis¬ 
played  in  the  graph.  It  is  seen  that  the  ignition  of  the 
base  bleed  charge  was  delayed  and  that  the  bleed  effect  was 
reduced  during  the  first  five  seconds.  The  range  to  point 
of  impact  was  18.0  kms  for  this  round  compared  to  an 
average  range  of  18.5  kms  for  similar  projectiles  fired  in 
the  same  elevation.  No  omission  from  the  experimental  data 
has  been  accepted  unless  a  suspected  malfunctioning  of  the 
bleed  charge  was  confirmed  by  a  deviation  in  range. 

The  regression  analysis  for  inert  projectiles  is  based  on 
data  from  11  trajectories  comprising  321  observations.  The 
C_  estimator  was  a  spline  function  with  12  knots  in  the 
range  0.7  <  M  £  2.3.  The  result  is  summarized  in  Table  1. 


Table  1 
Estimated  C 


D 


function  for  inert  projectile 


M 

CD 

s  dev 

1619 

.0059 

1689 

.0023 

.  900 

.1713 

.0030 

.  950 

.1946 

.0031 

.000 

.2910 

.0013 

.  050 

.  3068 

.  0009 

.  100 

.3026 

.0006 

1 . 200 

.  2937 

.0005 

1.400 

.2764 

.  0004 

1.700 

.2528 

.0005 

2.000 

.  2338 

.  0006 

2.300 

.2145 

.  00  25 

The  standard  error  of  estimate  is  0.0036. 


The  regression  analysis  for  active  base  bleed  is  founded  on 
flight  performance  data  from  22  trajectories  for  which 
( M , p , Cp )  triplets  have  been  calculated  at  771  time  of 
f light  points .  Three  trajectories  were  set  aside  for  later 
verification  of  the  parameter  estimation.  For  u(M)  a  spline 
function  with  6  knots  was  used,  for  A(M)  a  spline  function 
with  3  knots. 


The  first  question  to  be  asked  is  whether  the  model  is 
appropriate,  and,  in  particular,  if  the  addition  of  a 
pressure  term  improves  the  fit.  Its  significance  can  be 
assessed  by  an  analysis  of  variance  (Table  2),  in  which  we 
test  the  hypothesis 


K, 


X 


0. 


Table  2 
CD  regression 

Analysis  of  variance 


Source 

Sum  of 
squares 

Degrees  of 
freedom 

Mean 

square 

Mean  square 
ratio 

Regression 

mean 

21.76161 

1 

u(M) 

0.00415 

5 

0 . 00083 

64 

X  ( M ) 

0.00923 

3 

0.00308 

239 

Residual 

0.00982 

762 

0.000013 

Total 

21.78481 

771 

The  last  column  is  the  ratio  of  the  mean  square  to  the 
residual  mean  square. 


The  mean  square  due  to  regression  on  X  should  be  compared 
to  the  residual  mean  square,  and  its  size  is  found  to  be 
quite  large.  If  the  hypothesis  is  true  and  under  some 
additional  assumptions  on  the  normality  of  the  observa¬ 
tions,  the  test  variable  for  the  component  X,  i.e.  the  mean 
square  ratio,  will  have  an  F  distribution  with  (3,762) 
degrees  of  freedom.  The  probability  of  a  value  >  239  is 
small,  indeed.  However,  we  do  not  wish  to  stress  this 
formal  aspect  too  much,  since  little  is  known  about  the 
distribution  of  the  original  data. 

Anyhow,  this  exploratory  data  analysis  indicates  that  the 
hypothesis  Hq :  X  =  0  should  be  rejected  and  that  the 
pressure  term  is  significant. 

The  estimates  of  the  regression  parameters  are  shown  in 
Table  3 . 


Table  3. 

Cjj  components,  active  base  bleed 


M 

u  ( M ) 

s  dev 
of  u(M) 

A  (M) 

s  dev 
of  X ( M) 

1.1 

0.1745 

0.0027 

0.0096 

0.0038 

1.3 

0.1797 

0.0006 

0.0151* 

0.0015 

1.5 

0.1707 

0.0003 

0.0192 

0.0009 

1.7 

0.1663 

0.0003 

0.0209* 

0.0010 

1.9 

0.1650 

0.0004 

0..  0207* 

0.0020 

2.2 

0.  1612 

0.0022 

0.0J.84 

0.0056 

The  values  marked 
actual  regression 

by  asterisk  are 
parameters . 

«•  v  / 

interpolations 

,  not 

The  standard  error  of  estimate  is  0.0038,  close  to  the 
value  obtained  for  projectiles  with  inert  base  bleed.  This 
may  be  regarded  as  another  indication  that  the  model  is 
appropriate . 

The  CD,  u  and  X  functions  are  shown  in  Figure  3. 

Standard  deviations  of  the  parameter  estimates  are  low,  as 
a  rule.  They  do  not,  however,  tell  the  whole  story.  A 
glance  at  the  correlation  matrix  reveals  that  the  para¬ 
meters  defining  u(M)  are  loosely  coupled,  as  are  those 
defining  A(M).  But  correlation  between  the  two  parameter 
classes  may  be  considerable,  indicating  that  the  problem  is 
not  so  well  conditioned  as  one  might  wish. 

The  degree  of  ill-cond' tioning  depends  on  the  experimental 
design.  To  some  extent  ill-conditioning  is  inherent  in  the 
physical  situation  on  the  proving  ground.  All  projectiles 
set  out  at  a  high  Mach  number  M,  close  to  the  muzzle,  and  a 
high  atmospheric  pressure  p,  at  ground  level.  As  they 
proceed  to  altitudes  where  p  is  lower,  the  Mach  number  will 
also  decrease,  broadly  following  a  common  pattern  often 
tempered  only  by  differences  in  elevation.  Information  from 
other  regions  of  the  (M,p)-plane,  e.g.  combinations  of 
large  M  and  low  p  values,  is  missing. 

A  somewhat  better  design  is  achieved  by  reducing  the  muzzle 
velocity  for  some  rounds.  The  pattern  of  observations  from 
such  ar  experiment  is  illustrated  in  fig  4. 

The  effects  of  ill-conditioning  may  be  puzzling  to  the 
beginning  analyst.  The  values  of  u(M)  and  A(M)  may  be 
rather  sensitive  to  perturbations  in  the  observed  data  and, 


not  least,  to  contamination  from  extinct  base  bleed. 
Nevertheless  the  fit,  is  quite  good,  as  a  rule.  Therefore 
the  method  outlined  here  is  not  reliable  to  determine,  say, 
SCT/dp  but  is  quite  useful  to  predict  C  for  those  p  and  M 
values  which  occur  in  ballistic  applications. 

Three  trajectories  were  excluded  from  the  set  used  for 
regression  analysis;  thus  they  may  be  regarded  as  new  and 
independent  experiment^.  Thgse  projgctiles  were  fired  in 
quadrant  elevations  20°,  35°  and  50°.  We  will  compare  the 
C  '  s  obtained  from  these  trajectories  with  the  predictions 
or  the  model.  As  a  by-product  this  provides  an  opportunity 
to  study  the  extinction  of  the  base  bleed  charge. 

In  Figures  5-7  are  shown,  as  functions  of  time, 

the  predicted  CD  for  inert  base  bleed, 

the  predicted  for  active  base  bleed, 

the  observed  values, 

a  confidence  band  within  which  the  observed  CD's 
are  expected  to  fall  with  95%  probability .( 1 )u 

It  is  seen  that  up  to  a  certain  point  in  time  the  observed 
C  ' s  fall  well  within  the  confidence  band.  This  is  true  for 
ail  the  three  trajectories,  which  span  a  wide  range  of 
elevations.  So  the  new  experiments  verify  the  model  and 
confirm  the  significance  of  the  pressure  term. 


( 1 )  The  width  of  the  band  must  not  be  interpreted  as  a 

measure  of  the  uncertainty  of  the  estimated  C  '  s . 
The  confidence  interval  for  the  outcome  of  a  new 
experiment  is  in  this  case  much  wider  than  that 
for  the  "true  C^" ,  at  the  same  confidence  level. 
This  is  just  an  instance  of  the  familiar  rule  that 
the  outcome  of  any  one  ^experiment  is  more  variable 
than  the  mean  outcome  of,  say,  ten  experiments. 


THE  EXTINCTION  OF  THE  BASE  BLEED 


4  . 

The  point,  where  the  observed  C  '  s  depart  from  the  predicted 
values  coincides  with  a  rough  a  priori  estimate  of  the 
burning  time  of  the  base  bleed  charge.  The  graphs  show, 
however,  that  the  extinction  process  is  slow  and  continues 
for  6-7  seconds.  During  this  time  interval  the  actual  C_ 
values  will  climb  gradually  from  the  low  active  base  bleed 
curve  to  the  higher  curve  for  the  inert  projectile.  We  deem 
it.  necessary  to  take  the  gradual  change-over  into  account 
in  trajectory  calculation  programs.  However,  no  such 
program  is  available  to  us,  and  the  best  we  can  do  is  to 
define  an  extinction  point  somewhere  in  the  middle  of  the 
extinction  interval  and  use  a  trajectory  program  that 
assumes  the  active  C_  curve  to  be  applicable  up  to  the 
extinction  point,  after  which  a  sudden  rise  to  the  inert 
curve  will  take  place. 


5.  VERIFICATION  OF  CALCULATED  RANGES 

Using  such  a  C  model  we  can  calculate  trajectories  and 
find  for  instance  the  points  of  impact.  Two  questions 
arise : 

How  sensitive  is  the  calculated  point  of  impact  to 
a  perturbation  of  the  assumed  extinction  point? 

How  does  the  calculated  range  compare  with  the 
observed  one? 

Since  range  observations  for  the  previously  treated  tra¬ 
jectories  are  not  available,  we  have  to  introduce  another 
projectile  design  including  also  a  new  type  of  base  bleed 
charge.  The  material  as  a  whole  comprises  data  from  more 
than  20  rounds. 

Figure  8  shows  the  change-over  from  active  to  inert  base 
bleed  for  a  120  mm  pro jectile , fired  in  a  quadrant  elevation 
of  30°. 

The  bleed  is  seen  to  be  more  sustained  ani  the  rise  of  the 
CD  curve  steeper  than  in  the  previous  casas.  Nevertheless 
the  extinction  process  is  extended  over  5-6  seconds. The 
data  for  the  trajectory  shown  in  the  graph  was  not  used  for 
the  regression  analysis;  the  round  can  thus  be  regarded  as 
an  independent  experiment. 

From  the  graph  the  midpoint  of  the  extinction  interval  can 
be  roughly  estimated  at  29  seconds.  In  order  to  study  the 
sensitivity  of  the  calculated  range  to  this  estimate  we 
have  performed  trajectory  calculations  with  the  extinction 
point  set  to  27,  29  and  31  seconds. 


The  ranges  obtained  are  shown  in  table  4. 

Table  4 

Range  sensitivity  to  postulated  extinction  time 


Extinction 
t  .ime ,  s 

r  ■ 

Calculated  range,  rn 

27 

254  37 

29 

25580 

31 

25740 

The  mean  observed  range  for  five  rounds  was  25539  m.  It  is 
evident,  that  the  positioning  of  the  assumed  extinction 
point  has  an  influence  on  the  calculated  ranges  which  is 
far  from  negligible.  The  fact  that  it  also  depends  on  the 
trajectory  geometry  further  complicates  the  task  of  tra¬ 
jectory  prediction. 


6.  INFLUENCE  OF  BASE  BLEED  CHARGE  TEMPERATURE 

The  influence  of  the  bleed  charge  temperature  on  the  C 
function  has  been  studied  for  155  mm  ammunition.  Typical 
results  are  shown  in  figures  9  and  10. 

Figure  9  illustrates  the  C„  function  for  a  projectile  fired 
with  the  bleed  charge  at  -40  °C.  It  is  seen  that  the  C„ 
values  lie  on  the  upper  edge  of  the  95%  confidence  band; 
the  low  temperature  seems  to  retard  the  burning.  Figure  10 
shows  the  opposite  effect.  At  60  °C  the  bleed  charge  burns 
rapidly  and  the  actual  CD  turns  out  to  be  low.  The  burning 
is  not  sustained,  however. 

Since  this  point  is  outside  the  scope  of  this  paper,  we 
summarize  our  conclusions: 

the  influence  of  the  charge  temperature  depends  on 
the  composition  of  the  base  bleed  charge, 

in  the  studied  cases  the  influence  is  far  from 
negligible , 

if  the  actual  bleed  charge  temperature  may  differ 
widely  from  the  normal  temperature,  the  influence 
must  be  given  as  corrections  in  the  fire  control 
and  the  range  table. 


CONCLUSIONS 


7  . 

The  experiments  and  analyses  reported  in  this  document 
indicate  strongly  that  for  slender  bodied  base  bleed 
ammunition  the  drag  coefficient  C  cannot  be  represented  as 
a  function  of  the  Mach  number  only.  It  has  been  demonstra¬ 
ted  that  an  expression  which  is  essentially  a  first  order 
Ta  >r  expansion  in  the  ambient  pressure,  provides  a  means 
of  predicting  tnc  C  value  in  a  trajectory  point  where  the 
Mach  number  and  the  atmospheric  pressure  are  known. 

For  ballistic  applications  a  few  consequences  are  obvious. 

For  trajectory  calculations  for  range  tables,  in 
the  fire  control  etc,  the  influence  of  atmospheric 
pressure  on  CD  in  the  bleed  phase  must  be  taken 
into  account. 

The  transition  from  bleed  phase  to  inert  phase  may 
be  of  considerable  length;  some  kind  of  inter¬ 
mediate  function  is  required. 

Means  are  needed  to  find,  for  a  particular  tra¬ 
jectory,  the  beginning  and  the  end  of  the  transi¬ 
tion  period. 

If  the  bleed  charge  is  to  be  used  at  widely 
differing  temperatures,  the  influence  of  this 
temperature  on  range,  time  of  flight  etc  must  be 
recorded  in  range  tables  and  programmed  into  fire 
control  equipment. 
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Base  bleed  projectiles  155  mm,  Oct  1984 


Figure  1 


Base  bleed  projectile  120  mm,  April  1985 


Mach 


Base  bleed  projectiles  155  mm,  Oct  1984 
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Base  bleed  projectile  15b  mm.  Oct  1984 
Quadrant  Elevation  *J0a 
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projectile  155  mm,  Oct  1984 
ell  temperature  -40°C 
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Base  bleed  projectile  155  mm,  Oct  1984 


Time  of  flight. 
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Ab  strac  t  In  this  paper  the  basic  points  of  mathematical  model 
for  determining  range  of  artillery  projectiles  with  base  bleed 
are  presented.  After  verification  of  given  model  by  comparison 
c omp u ta t i on  a  1  results  with  experimental  data/  calculations  ef¬ 
fects  of  some  characteristics  of  base  bleed  on  range  have  been 
carried  out.  The  range  dependance  of  given  projectile  on  number 
of  gr a ■ n  segments*  burning  rate*  internal  diameter  and  grain 
length  are  determined.  Presented  model  can  be  used  for  selecting 
characteristics  of  grain  that  will  give  the  maximum  range  of  pro¬ 
jectile  and  for  decreasing  number  of  experimental  testing  for 
determining  that  c harac ter i st i c s. 

Noflianc  1  a  t  ur  e 
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burning  law  constant 
surface  of  projectile  base 
area  of  burning  surface 
surface  of  base  bleed  orifice 
reference  projectile  surface 
constant  given  by  equation  (15) 
coefficient  in  burning  law 
total  drag  coefficient 

projectile  base  drag  coefficient  during  burning  of 
grain 

decreasing  of  projectile  base  drag 

projectile  total  drag  coefficient  without  working  of 
base  bleed 

constant  in  equation  (10) 
quantity  given  by  equation  (10) 
drag 

diameter  of  base  bleed  orifice 
internal  diameter  of  grain 
burnt  web  of  grain  at  time  t 
total  web  of  grain 

burnt  web  in  the  first  phase  of  burning 
burnt  web  in  the  second  phase  of  burning 
impuls  defined  by  equation  (6) 
limited  value  of  impuls 
experimental  constant 

specific  heat  ratio  of  burning  products 
arc  coresponding  to  the  angle 
grain  length 
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-  mass  flux  of  the  air  at  the  base  of  projectile 

-  mass  flux  of  burning  products  from  burning  surface 

-  molecular  weight  of  burning  products 

-  Mach  fliaht  number 

--  exponent  in  burning  law 

-  number  of  grain  segments 

-  burning  surface  circumference 
~  pressure  in  base  bleed 

-  base  pressure 

-  external  grain  radius 

-  burning  rate 

-  internal  grain  radius 

-  grain  radius  at  the  crossing  of  burning  from  the  first 
into  the  second  phase 

-  gas  constant  of  burning  products 

-  time 

-  vorkig  time  of  base  bleed 
--  ignition  delag 

-  burning  products  temperature 

-  projectile  velocity 

-  half  distance  between  grain  segments 

-  geometric  parameter  defined  on  figure  3 

-  geometric  parameter  defined  on  figure  4 

-  angle  at  time  t  defined  on  figure  2 

-  half  ange  of  projectile  afterbody 

-  grain  density 

-  air  densi ty 


1.  Indr oduction 

Increasing  of  range  of  artillery  projectiles  by  base  bleed 
unit  is  the  subject  of  many  theoretical  and  experimental  investi¬ 
gations  in  past  few  years  C  1 ,  2,  3<  4.  5.  6,  7,  etc  J .  Projectiles  with 
base  bleed  increase  their  range  as  a  consequence  of  decreasing 
their  base  drag.  Base  bleed  unit  blow  burning  products  of  grain 
into  r ec ir c u la t i on  zone  behind  the  projectile  and  increase  pres¬ 
sure  in  it  Effect  of  increasing  projectile  range  is  in  so  much  as 
expressive  as  the  fraction  of  base  drag  in  total  drag  is  bigger* 
that  is,  as  the  projectile  is  of  better  aerod inami ca  1  shape. 

Selecting  of  geometrical  and  physico-chemical  c harac t er i s t i c s 
of  grain  of  base  bleed  is  the  basic  problem  which  should  be 
solved  during  the  design  of  such  projectiles.  For  that  purpose 
in  this  paper  the  mathematical  model  which  enable  selecting  of 
these  characteristics  is  developed.  Special  attention  is  dedi¬ 
cated  to  the  effect  of  some  grain  c harac ter i s t i c s  (shape,  dimen¬ 
sions,  burning  rate  etc.  )  on  the  expected  range. 


2.  Mathematical  model 


The  mathematical  model,  developed  in  this  paper  is  based  on 
the  engineering  point  of  view  on  selecting  of  grain  characteris¬ 
tics  In  continuation  of  this  paper,  the  basic  points  of  mathe¬ 
matical  model  conected  with  the  general  considerations  about 
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problem,  determining  of 
burning  surface  as  a 
range  calculation  are  g 


pressure  in  base  bleed  unit,  changing  of 
function  of  burnt  web  and  procedure  for 
i  ven. 


3_ _ General  considerations  about  problem 


For  the  projectile  trajectory  calculation  difevential  equa¬ 
tions  of  projectile  motion  according  the  modified  point  mass  tra¬ 
jectory  model  are  used  C  9  3 .  As  a  consequence  of  existing  base 
bleed  unit,  in  the  equation  of  motion  projectile  drag  given  by 

2 

r\  ' 


D  -  cc 


relation  is  changed.  During  the  uorkin  time  of  base 
(tg),  drag  coefficient  is  changed  for  a C0  t.e. 

A  C5  =  Co&o"  ^c>&& 

On  that  way  the  total  drag  coefficient  during  the 
g  iven  by  relation 

Co  7"Cdo_  a  C  d 


C  1  ) 

bleed  unit 
(*> 

time  tg 


1  s 


(3) 


In  general  case  base  drag  coefficient  for  the  projectile  with 
base  bleed  is  function  of  several  parameters: 


Cd&8  -  ^  ^  ,  •  ) 


(4) 


From  the  equations  (2),  <3)  and  (4)  it  is  obvious  that  for 
determining  value  of  Coit  is  necessary  to  know  values  for  C  po  , 
Coao^and  C  ne>&  Assuming  that  values  for  C  do  and  Coao  are  known 
from  theoretical  calculations,  windtunel  or  firing  testings,  the 


relation  for  AC0is  C73 


*1. 


(5) 


a  C  0  ”  C  oao  (  1  ~  €  )  C  k 

Impuls  I  is  given  by  equation: 

t  =  ^2 
rn6 

Here  mass  fluxes  m^  and  mft 

^3  “  r  '?» 

rh%  ^  V«A& 

In  the  expression  (7)  burning  rate  r  is  a  function  given  by: 


are 


(6) 

(7) 

(8) 


r=  a+6p!J  (.9) 

In  relation  <  b )  j  is  function  of  Mach  number,  t.e  ,  j  = 
f  <  M  £»  )  and  its  value  is  determined  from  firing  testings  w  h  i  1  e  for 
first  approximaton  data  for  j  can  be  taken  from  [73  and 

From  experimental  results  it  could  be  seen  that  when  impuls  1 
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is  bigger  that  some  limited  value,  effect  of  base  bleed  is  decre¬ 
asing  Based  on  that  fact  in  expression  (5)  exists  parameter 
CK  which  can  be  defined  as  1/1 


C«.  “  1  0  l4Tu,„ 

C «.  ~  1  ~  (  "r  ~  1  )  ^CIM  X  i  l.  I  r-i 


(  do  ) 


Constants  IUI^  and  C  Li^  should  be  defined  for  every  projectile 
For  instance,  for  projectile  155  mm  ERFB/BB  these  values  are: 
IL(M  =  0.  007  and  Ccim  =  0.  25  C73 

From  equations  (2)  through  (10)  it  is  obvious  that  decreasing 
of  base  drag  aCD)  in  general  case,  is  complex  function  and  for 
given  projectile  it  can  be  expressed  by  relation  C  LJ  J : 


A  Co-  /  (  (11) 

For  defining  ACpit  is  useful  to  consider  theoretical  calcula¬ 
tions  instead  of  using  only  time  consuming  and  expensive  experi¬ 
mental  testings.  We'll  first  consider  the  way  for  determining 
impuls,  t.  e,  the  pressure  pg  in  base  bleed  chamber. 


Pressure  in  base _ bleed  chamber 


Pressure  in  base  bleed  chamber  is  defined  using  the  equality 
of  mass  flux  of  burning  products  through  the  orifice  and  mass 
flux  of  gas  formed  due  to  the  grain  burning.  Mass  flux  of  gas 
due  to  the  grain  burning  is  given  by  expression  (7) 

Mass  flux  of  burning  products  thrugh  the  base  bleed  orifice 
is  a  function  of  ratio  of  pressure  on  projectile  base  durig  the 
flight  and  pressure  in  base  bleed  chamber.  For  the  case  uihen  the 
following  inequality  is  satisfied 

2  K 


%>  (  «M  )" 


(M) 


flow  of 
b  urn i ng 


gas  from 
products 


Kt4 

the  chamber 
is  g i ven  by 

.  I  pi 
mi  -  ^  Ai  ( 


is  subsonic, 
equat i on 


Then  the  mass  flux  of 
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r»D-( 


N_  \ 

h ) 


K-1 


(13) 


When  the  inequality  is 
is  supersonic  and  mass 

-  A±2lA1 

'  r*. 


not  satisfied  flow 
flux  is  defined  by 


of  gas  from 
expression 
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Fe¬ 


in  the  expression 
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(1A) 


6'fT  (^t) 
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defined  as. 


(15) 


It  should  be  emphasized  that  occuring  of  supersonic  flow  in 
the  orf ice  is  undesirable  phenomenon  for  increasing  the  range. 
The  supersonic  flow  make  impossible  recirculation  of  burning  pro¬ 
ducts  behind  projectile  and  increasing  of  projectile  base  pres¬ 
sure  This  is  the  fact  which  should  be  given  special  care  during 
the  selection  of  urain  c harac ter i s t i c s . 
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Equalizing  mass  fluxes  rrr  and  mi  me  get  the  equation  for  the 
pressure  in  the  base  bleed  cnamber  which  is  solved  iterativly 

Change  of  grain  bu rning  s  ur  f  ac  e  as  a  function  of  hurnt  web 

Existing  base  bleed  grains  has/e  a  cilindrical  shape  with  cer -■ 
tian  number  of  segments  External  and  end  grain  surfaces  are  in¬ 
hibited  so  that  burning  is  performed  on  internal  surfaces  and 
slots.  Wiew  of  one  grain  with  three  segments  is  presented  on 
figure  1 . 


nomhibited 

surfaces 


Figure  1.  View  of  base  bleed  grain 


Number  of  grain  segments  can  be  different  and  change  of  burnt 
surface  as  a  function  of  burning  web  will  be  given  for  the  case 
of  grain  with  three  segments.  Given  relations  are  valid  also  for 
grain  with  N  segments  but  in  the  next  relations  value  for  angle 
60  should  be  replaced  with  value  of  360/C2N)  and  number  of  indi¬ 
vidual  elements  of  burning  surface  is  also  function  of  N. 

C^oss  section  of  grain  with  three  segments  is  given  on  figure 


Figure  2.  Grain  burning  phases 


In  general  case  grain  burning  is  performing  in  two  phases. 
Each  phase  has  its  own  shape  of  grain  cross  section.  At  the  be¬ 
ginning  of  the  first  phase  grain  cross  section  is  composed  from 
three  equal  segments  with  contours  ABCD.  Circumference  of  cross 
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section  of  burning  surface  for  one  segment  at  some  moment  of 
first  phase  is  composed  from  two  straight  lines  A  '  P  •'  and  C'D'  and 
arc  B'C'.  At  the  end  of  the  first  phase  arc  D  'C,  '  and  angle  Y  (t) 
disappear  At  the  begining  of  the  second  phase  c lrcumference  of 
cross  section  of  burrsing  surface  is  composed  from  two  straight 
lines  GE  and  EF.  At  the  some  moment  of  the  second  phase  cir¬ 
cumference  of  cross  section  of  burning  surface  is  composed  from 
two  straight  lines  G 'E '  and  E-"'F'. 

Burnt  web  thickness  KA(e)  at  the  some  moment  at  the  first 
phase  should  be  equal  to  the  thickness  AGCFigure  3).  Then  it 
follows: 

*1  t  e  ’■  C'ctf)  sin  (  6  0J~  )  C  1€> ) 


From  equation  (16)  it  follows  that  the  burnt  web  thickness  in 
the  first  phase  is: 


r0  &  m  (.  60°~  jr  ) 

1  -Stn  (60°  ) 


The  first  phase  end  occur  when  Y  =  0. 
thickness  in  the  first  phase  is: 

r0  yin  6 o°- 

1  ~  r^UnG 0°~~ 


The  total  burnt  web 


08) 


Wf?  should  calculate  the  circumference  of  segment  cross  sec¬ 
tion  at  one  moment  of  the  first  phase.  The  height  ME  at  the  tri¬ 
angle  LMN  is  the  mean  geometrical  value  of  LE  —  R  +  { +  e)  and 
EN  —  R  —  ( x  ^  +e ) 


A  ~  \J  k  -  ( x  i  *■  ts ) 

U 

From  the  triangle  AOB  it  follows  that  sin(60  -r,  ) 

Then  ,?•  -  60  ar  c  s  l  n  ~.i f  ^  Beside  that 

L  Y  t  p 


C  19) 

.X  4  t 

r'c  r  6 


A  tl  '  (  r0  t-  e  )  cos  L  60  -  2:  ) 
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y  -  ME-AE  ^  \]  R?-  (r0  f  e)'.^na(60L  J  )  -  (  r0  +  e  )  Cos(_'60c’  )  (2i) 


The  arc  length  AJ  is 


e  (r.,e) 


(  Tl  ) 


Now,  the  circumference  of  grain  cross  section  in  the  first 
phase  is  given  by  expression: 

0} (  23  ^ 


The  area  of  grain  burning  surface  of  length  lz  is: 

A  g i  '•  Oj-  (  t  )  £z 


From  the  figure  4  it  can  be  seen  that  the  total  thickness  of 
burnt  web  in  the  second  phase  is: 

^  ^  /  R-R.,  )  h'n  60°  (25) 


e.. 


Rt  V]  *  -  v  ca  a )] 


Figure  4.  Second  phase  of  burning 


In  the  last  equation  R  is  radius  on  which  arc  disappear  from 
the  cross  section  profile  and  this  radius  is  equal 

R*  “  r  (26  ) 

Here  e ,t  is  given  by  expression  (19). 

By  the  procedure  similar  that  which  is  applied  for  burning  in 
the  first  phase  we  get: 


%  ft)  -•  &-Z  \l ft'A  [R.Snnb O'V  e, 
(t)  =  6  ^  (*  ) 

A  a  a  (t  )  Of  ({)  ] 


%  v,  ft  vf-  [R-t  ot.s  to*  +  e2  (f )  U>  60 1  ]  (  7  7 ) 


It  should  be  emphasized  that  the  second  phase  of  grain  burn¬ 
ing  of  this  geometry  need  not  occur  depending  on  dimensions  and 
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number  or  segments  Then  the  contour  of  grain  segment  cross  sec¬ 
tion  for  ine  whole  time  of  burning  is  composed  of  straight  lines 
and  the  ar'< 

Pr_qc_e  d  ure  for  determining  range 

For  determining  decreasing  of  projectile  base  drag  coeffi¬ 
cient  during  the  grain  burning  it  is  necessary  to  know  several 
different  quantities.  First/  we  should  know  quantities  which  are 
dependant  on  projectile  design  characteristics  and  characteris¬ 
tics  of  grain  t  e.  aerodynamic  coefficient  as  a  function  of  Mach 
number/  j  =  and  values  of  I,_,^  /  CLin>  a/  b  and  n.  These 
quantities  we  get  from  experimental  testings  in  wind  tunel  and 
clossed  vessel,  firing  testings  and  theoretical  calculations. 
For  trajectory  calculations  it  is  also  necessary  to  know  values 
for  I  For  calculations  pg  it  is  necessary  to  equalize  equation 
(7)  with  equations  (13)  or  (14)  depending  on  condition  (12). 
Because  of  nonlinearity  of  these  equations  calculation  is  per¬ 
formed  iterativly  with  checking  condition  (12). 

The  calculation  procedure  is  given  on  figure  5. 


Figure  b  Shematic  representation  of  the  calculation  procedure 


Because  the  calculation  procedure  is  iterative,  the  end  of 
burning  is  reached  when  the  web  given  by  the  next  expression  is 
burnt 


(  io  ) 
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The  time  of  grain  burn  i  <.  r  also  calculated  from  the  expression 
(30) 

The  iterative  prucs:  ’ure  can  be  presented  on  the  following 

way  : 


a)  assume  p  ip^  =  Pd  +  A?  > 

b)  calculation  r  =  a  +  tj  p" 

c)  calculation  e  =  dr/dt 

d)  calculation  Ag  =  f(e) 

e)  impuls  calculation  I  =  m^  /  m  p> 

f)  calculation  of  decrease  of  base  drag  iCp  -  f(I) 

g)  base  pressure  calculation  1 1  -  kM^,  ( C  £)fc0  -  ACg  )  D 

h)  ratio  calculation  p d  / 

j)  calculation  p^L  by  equations  (13)  nr  (14) 

If  Spg,  -  PaL.^  I  <  the  iterative  procedure  is  finished. 

If  this  condition  is  not  satisfied  toe  repeat  steps  from  (h)  to 
(j).  After  the  calculation  of  burnt  web  we  perform  the  calcula¬ 
tion  of  next  step  until  we  don't  satisfy  the  equation  (30). 


3.  Ef feet  of  grain  characteristic  on  range 


For  determining  the  effect  of  grain  characteristics  on  range 
of  artillery  projectiles  with  base  bleed  program,  based  on  the 
mathematical  model  which  basis  is  previously  given,  is  subjected 
to  the  verification  by  comparing  its  results  with  experimental 
data  for  one  real  projectile.  The  basic  data  for  projectile  and 
grain  are: 


Projectile 

Cal  i b er 

Mass 

Length 

Muzzle  velocity 
E levat i on 


Ora  i  n 

Number  of  segments 

Mass 

Length 

External  diameter 
Internal  diameter 


i  5(7  mm 
46.  04  kg 
&61  mm 
897.  4  m/s 
50 


3 

2 .  04  5  kg 
0  07 1 7  m 
0.  1  17  m 
0  0435  m 


The  difference  between  realized  and  calculated  projectile 
maximum  range  is  O  09  X  which  shows  that  this  way  of  calculation 
of  the  range  of  projectile  with  base  bleed  is  enough  reliable  and 
convinient  for  determining  the  effect  of  grain  chararteristn  5  on 
range 

We'll  consider  the  effect  of  next  grain  cha.  act  eristics 

--  number  of  segments 

-  burning  rate 

-  internal  d  i  a m e t  e  r 
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-  length 

Heside  that  we  '  1 1  consider  and  effect  of  the  diameter  of  base 
bleed  orifice  and  delay  of  grain  ignition  for  alj  these  consi¬ 
derations  shape  of  arain  will  be  cilindrical  with  slots*  external 
ana  end  grain  surfaces  will  be  inhibited  and  external  diameter 
will  retained  constant. 

Nu:.,ber  of  segments.  Number  of  segments  was  changed  from  2  to 
12  The  dependance  of  range  on  number  of  segments  is  presented 
on  figure  6.  From  the  figure  it  can  be  seen  that  maximum  ranges 
are  realized  with  grains  which  are  composed  from  6  to  ft  segments. 
For  given  grain  dimensions  Doth  burning  phases  occur  when  number 
of  segments  is  greater  than  5.  Increasing  range  with  grain 
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Figure  6.  Range  dependance  on  number  of  segments 


consisting  of  6  segments  compearinn  with  cnminon  grain  number  of 
segments  (3)  is  750  m  or  about  27..  Effect  of  the  others  grain 
characteristics  on  range  is  defined  for  grair,5  with  3  and  6  deg  — 
ments . 

Bo rnin  rate.  Eurriing  "ate  reflects  effect  of  the  gram 
chemical  c umpos i t i on  on  Tange.  For  the  grain  with  common  compo¬ 
sition  constants  in  the  burning  law  have  following  values:  a  — 

0  0007^  m/s,  b  2  12  10  m/<sPa>,  n  -=  0 .66  The  effect  cf  burn 
ing  rate  on  the  range  is  defined  by  changing  value  of  a  which  re¬ 
flects  the  effect  cf  exotermic  reactions  which  take  place  beneath 
burning  surface  at  low  pressures  The  dependance  of  calculated 
range  on  the  burning  rate  for  grains  with  3  and  6  segments  is 
given  on  the  figure  7  From  the  figure  it  can  bp  seen  that 
change  a  for  about  190/  increase  the  range  for  the  giain  with  3 
segments  for  1370  m  <3,  57.),  and  for  the  grain  with  6  segments  for 
435  m  <1  17)  At  given  conditions  the  dependance  of  the  range  on 
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Figure  7.  Range  depend an ce  on  burning  rate 


a  for  the  grain  with  3  segments  has  ever  increasing  character  and 
for  the  grain  with  6  segments  this  dependance  has  maximum. 

Internal  diameter.  The  dependance  of  rane  on  the  grain 
internal  diameter  is  presented  on  the  figure  8  For  the  grain 
with 


Figure  8  Range  dependance  on  grain  internal  diameter 


3  segments  the  change  of  grain  internal  diameter  from  O  03045  to 
0  05655  m  <85  77.)  give?  decreasing  of  range  for  about  490  n', 
<1.270  and  for  grain  with  6  segments  the  some  change  of  internal 
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diameter  gives  decreasing  of  range  for  about  105  rn  <2  6’/). 

Length  The  dependance  of  range  on  grain  length  for  grains 
with  3  and  6  seqmerits  is  given  on  the  figure  9.  The  change  of 
g  ra i n  , 
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Figure  10.  Range  dependance  on  diameter  of  base  bleed  orf  ice 


length  from  0  0502  to  0.0932  m  <85,  75C  >  gives  increasing  cf  range 
for  grain  u/ith  3  segments  for  abort  3400  m  (8,67.)  For  the  giain 
with  6  segments  the  some  change  of  grain  length  gives  increasing 
of  range  for  3400  m  (B  47,) 


Diameter  of  base  bleed  orifice.  Effect  of  the  base  bleed  or¬ 
ifice  on  range  is  given  on  the  figure  10.  With  increasing  the 
diameter  of  base  bleed  orifice  the  projectile  range  is  decreas¬ 
ing.  So  for  the  grain  with  3  segments  the  change  of  diameter  of 
base  bleed  orifice  from  0.0435  on  0.03115  m  (20.  57.)  gives  incre¬ 
asing  of  range  for  about  200  m  (0,  57. )  >  and  for  the  gram  with  6 
segments  the  some  change  of  diameter  gives  increasing  of  range 
for  about  1.80  m  (0.  4  5”i>. 

DfLLsLM  o  £_  grain  ignition.  The  range  deperidanc  e  on  delag  of 
grain  ignition  is  presented  on  figure  11.  For  grains  with  3  and 


Figure  11  Range  dependence  on  grain  delay 

6  segments  ignition  delay  of  3  s  gives  the  decreasing  of  range 
for  1600  m  and  2200  m,  t.  e  4  and  5.  57.  respectively.  These  re¬ 
sults  show  the  significance  of  successful  working  of  base  bleed 
ignitor. 

4 .  Conclusions 

On  the  basis  of  previo  sly  said  it  can  be  concluded 

1  The  developed  method  for  range  calculation  of  artillery 
projectiles  with  base  bleed  enables  determng  the  effect 
of  basic  grain  characteristics  on  range 
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'liven  method  it  is  possible  to  perform  selection  of 
Uosi,  grain  characteristics  and  decrease  the  number  of 
ex  ;  n mental  testings  for  their  determing. 

On  the  basis  of  considered  effects  it  is  pointed  on  thr 
rang  e  m  uihich  the  caracteristi  cs  should  be  kept. 


R e f  «t  it  e s 


C1J  Mur  thy,  8 .  N.  B.  (ed  ).  Aer  odynami  c  s  of  Base  Combustion/ 
Progrc-s  in  Astronaut  ics  and  Aeronautics/  Vol  40/  New 

York ,  3976. 

C23  Lundhai  K  ,  Hartal  son  N.  Base  Bleed/  A  System  to 
Increase  Range  and  Decrease  Ballistic  Dispersion/ 
Proceedings  of  the  3rd  International  Symposium  on 
Ballistics/  Karlsrue/  1977. 

C33  Hellgren  R.V. :  Range  Calculation  for  Base  Bleed 

Propellants,  Proceedings  of  the  6th  International 
Symposium  on  Ballistics,  Orlando,  1981. 

L43  Fox  J  H.  :  A  generalised  Base  Flow  Analysis  with 

Initial  Boundary  Layer  and  Chemistry  Effects, 

AEDC- TR-79-46,  ADA  072683,  1979. 

C53  Sahu  J.  :  Numerical  Computations  of  Snpersonics  Flow 

over  Cylindrical  Afterbodies  with  Base  Bleed, 

Proceedings  of  the  9th  International  Symposium  on 
Ballistics,  Shrivenham  1986. 

163  Schilling  H.  :  A  simple  Theoretical  Approach  for  Base 

Bleed  Ca 1 c u la t i on s ,  Proceedings  of  the  9th  International 
Symposium  on  Ballistics,  Shrivenham  1986. 

C73  On  the  Development  of  Base  Bleed  Motors  for  the 

SRC-ERFB-MKtO  MOD  2  Projectile,  SRC-BB-R/D-J 710, 1983. 

C83  Hellgren  R.  V.  :  8a sf 1 oo e sp r o j k t i 1 er  Bonberakn inqsprcgram 

och  Of f e k t i v i t e t s j amf or e 1 s er  (Base  Bleed  Projectiles: 

Range  Calculation  Program  and  Eficiency  Comparisons) 
Research  Inst  of  National  Defence,  1983,  Stockholm 

193  NATO  Surface-to-Surface  Artillery  Panel  the  Modified  Point 
Mass  Trajectory  Model  Document  AC/225  (Panel  IV)  D/161. 

C103Buwman  S. E  and  Clayden  W.  A  :  Reduction  of  Base  Drag  by 

Gas  Election,  RARDE  report  4/69,  1969 


DISCUSSION  FOR  TWO  IMPORTANT  PARAMETERS  OF 
A  BASH  BL.EE  PROJECTILE 
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ABSTRACT 

The  burning  rate  of  a  propellant  and  the  ignition  time  of  an  igniter  am  two  important  parameters 
of  kisc  bleed  projectile.  They  arc  greatly  concerned  with  the  extended  range  and  the  dispersion 
of  the  projectile.  So  far  there  is  no  reference  related  in  determining  die  two  parameters  theoretically. 
In  scientific  practice,  however  the  two  important  problems  have  been  urgently  needed  to  be 
solved. 

Firstly,  the  paper  presents  the  significance  of  selecting  the  Miming  rate  of  a  propellant,  the 
relationship  of  (he  physical  essence  of  reduced  drag  of  the  bar  bleed  between  bleed  parameters. 
The  one  -  sidednees  of  analyzing  the  effect  of  rccuccd  drag  with  the  burning  r?ic  as  a  mark 
has  been  analyzed,  and  to  analyze  throuhgly  the  ef»<  ct  of  reduced  drag  of  the  base 
bleed,  the  concept  of  the  impulse  of  reduced  drag  tate  L  presented.  The  pronciple  selecting 
the  burning  rate  is  to  achive  the  maximum  rate  of  extended  rate  on  condition  that  the  launch 
parameters  of  the  projectile  are  fixed  and  influnce  of  the  spinning  effect  of  the 
projectile  is  considered,  or,  the  burning  rate  when  the  maximum  impulse  of  reduced 
drag  rate  is  gained  is  defined  as  the  optimum. 

Secondly,  two  principles  of  determining  the  ignition  time  of  the  igniter  are  given :  the  time 
of  the  igniter  is  no  less  than  the  time  of  sectxvi  ignition  time  of  propellant;  the  range  dispersion 
caused  by  dispersion  of  second  ignition  time  Joes  not  affect  the  overall  range  dispersion  of 
shots.  Based  on  these  mentioned  above,  formulation  of  determining  the  ignition  time  of  igniter 
have  been  dcvlopcd. 

Finally,  examples  are  given  on  how  to  dele  mine  those  two  parameters.  This  paper  provides 
theoretical  basis  for  the  optimum  design  in  tire  development  of  base  bleed  projectile,  these 
formulations  have  been  used  to  analyze  and  design,  and  show  satisfactory  result. 


1.  DEfERMINATlON  OF  BURNING  RATE  OF  PROPELLET  T  OF  BASE  BLEED  PROJECTILE. 


1.1  Presentation  of  Question 

In  the  course  of  designing  a  base  bleed  projectile,  we  often  reference  the  burning  rate  obtained 
to  select  and  design  the  burning  rate  of  this  projectile.  This  method  takes  the  absolute  magnitude 
of  the  burning  rate  as  a  basis,  but  docs  not  consider  the  specific  structure  and  launch  condition 
of  the  base  bleed  projectile,  therefore  it  is  not  all-round.  Based  on  the  base  flow  character 
of  the  hi.se  bleed  projectile  and  the  reducing  drag  mechanism,  this  paper  describes  the  selection 
principle  and  specific  method  of  burning  rat.  of  a  base  bleed  projectile. 


1.2  Significance  of  Selecting  Burning  Rate 

The  burning  rate  equation  of  the  base  bleed  propellant  is 
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FIGURF.  1.  Sci  cmadc  illustration  of  base  flow  with  base  bleed 


where  r(  — burning  rate:  a,,  a2 — burning  equation  coefficients;  a3- . exponent  of  burning 

equation:  Pmot —  pressure  inside  the  base  bleed  motor. 

The  gas  of  the  base  bleed  propellant  exhausts  into  the  base  'dead  -  air'  region  with 
very  low  velocity,  so  that  tte  base  bleed  pressure  could  be  raised  and  the  base  drag  could 
be  decreased.  We  measure  operation  of  ejecting  gas  for  raising  base  pressure  with  mass  flow 
m,  it  is 

m  =  rfpfAf  (2) 


where  p  ,  — density  of  base  bleed  propellant;  Ai —  burning  area  of  the  base  bleed  propellant, 

as  shown  in  Fig. I,  after  the  gas  ejects  into  dead  a.  region,  the  flow  state  in  the 
trailing  flow  region  could  be  changed,  so  that  the  dividing  streamline  of  the  dead  air  region 
could  be  extended,  flow  deflection  angle  could  be  dimir  ir  ied,  then  the  base  pressure  could 
be  raised  and  the  base  drag  could  be  decreased.  However,  the  overall  effect  on  raising  the 
base  pressure  by  the  base  bleed  is  related  to  the  state  of  trailing  flow  region  without  base 
bleed.  When  the  structure  of  the  projectile  is  specified,  the  state  of  trailing  flow  region  is 
related  to  the  state  of  boundary  layer  of  afterbody  and  the  Mach  number  cf  incoming  flow.  The 
larger  the  Mach  number  of  incoming  flow,  the  larger  the  deflection  angle  of  dividing  streamline, 
the  lower  the  base  pressure.  Therefore,  the  base  ejecting  gas  could  change  the  state  of  flow 
in  trailing  flow  region,  extend  the  dividing  streamline  ana  decrease  the  deflection  angle 
if  the  mass  flow  would  be  increased,  As  slated  above,  the  effect  of  base  bleed  on  increasing 
base  pressure  and  decreasing  base  drag  depends  on  not  only  the  mass  flow  m  of  the  bleed 
but  also  the  slate  of  flow  in  trailing  flow  region  without  bleed,  in  other  words,  it  depends 
on  Moo,  Voopoo,  We  measure  the  overall  influence  of  the  two  factors  with  the  bleed  parameter 
f.  ft  is  defined  as: 


where  At — base  area  of  the  projectile:  p  ™ - density  of  incoming  flow;  v«  — 

velocity  of  incoming  flow. 

Relationship  between  I  and  Pb  is  shown  «n  Fig. 2 

It  is  known  from  above  analysis  that  the  effect  of  bleed  is  expressed  by  m.  It  is 
related  to  not  only  rr  but  also  p  r  and  Ar.  But  overall  effect  of  bleed  on  raising  the  base 
pressure  depends  on  the  bleed  parameter  I.  Therefore,  we  could  get  the  following  conclusions: 

1.  Only  if  the  structure  and  launch  parameters  of  projectile,  as  well  as  the  character 
of  bleed  propellant  arc  the  same,  it  is  significant  to  consider  the  effect  of  burning  rate  on 
extended  range  and  compare  with  each  other. 

2.  For  projectiles  with  different  structure  (  including  base  bleed  unit  )  ,  bleed  propellant  and 
launch  conditions,  it  is  not.  appropriate  u>  compare  burning  rate.  For  example,  there 
are  two  base  bleed  units,  the  burning  ra'e  J  one  unit  is  1.2  mm/s,  the  burnihg  area  is 
1U0  min2,  the  burning  area  of  other  Limit  is  200  inm\  If  their  other  conditions  are  the  same 
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FIGURE.  2  Base  pressure  vs  bleed  parameter 

and  they  both  keep  the  same  m  and  I,  then  the  reduced  <  rag  effect  of  the  second  projectile 
would  be  the  same  as  that  of  the  first  one,  but  its  burning  rate  Is  only  0.6mm /s. 
So,  it  is  riot  all  -  round  to  simply  compare  the  burning  rate  and  not  to  consider  other  conditions, 
even  it  is  possible  to  make  mistakes  in  design. 

3.  It  is  reasonable  to  compare  the  bleed  effect  withtthe  value  of  I  in  any  case. 


1.3  Selection  Principle  of  Burning  Rate 

The  selection  principle  of  burning  rate  should  be,  in  the  condition  of  certain  launch  parameters, 
the  overall  effect  of  base  bleed  along  the  overall  trajectory  is  to  obtain  the  maximum  extended 
range  rate.  Launch  parameters  mainly  include  the  initial  velocity,  and  angle  of 
departure.  These  tvo  parameters  influence  the  velocity,  Mach  number,  air  density  and  pressure 
along  the  trajectory,  that  is,  v~,  M- p «,  and  p~.  At  up  leg,  with  time  increasing, 
v„  ,  M«.  and  would  decrease.  Since  M-  is  changeable  along  overall  trajectory,  so  that 
the  drag  coefficient  is  changeable  along  overall  tyaje'tory.  M„  would  influence  the 
effect  of  reducing  drag. 

At  up  leg,  in  the  process  of  the  project!!''  fling  towards  the  apex  of  trajectory,  air  pressure 
decreases.  Since  the  base  bleed  is  subsonic  flow,  change  f  ambient  pressure  influences  the 
change  of  the  motor  pressure.  When  the  former  decreases,  the  latter  also  decreases. 
So,  the  burning  rate  is  reduced. 

We  know  that 


At  up  leg,  p«,  Vo»  decrease  gradually.  If  the  change  of  burning  area  of  the  bleed  propellant 
is  not  large  that  is,  the  change  of  m  is  not  large,  then  in  the  process  of  projectile 
flight,  the  value  of  I  would  continuously  incieascs,  the  value  of  pb/p«=  would  be  reduced, 
so  that  the  base  drag  would  be  increased.  In  the  process  of  projectile  flight,  if  we  change 
the  burning  area,  so  that,  and  in  p»,  v„.  At,  would  be  changed,  but  wc  make  the  value 
of  I  always  be  (  pb/p™  )  in  other  words,  I”  lm,  then,  we  can  gain  the  effect  maximum 
extended  range.  The  burning  area  formula  which  satisfies  this  condition  is; 
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Since  p  » /  p  r  and  Vo»/rf  all  decrease,  I„,Ab  is  cons. ant,  Aj  decreases  gradually.  That 
is  why  wc  design  the  burning  area  of  the  base  bleed  propellant  which  reduces  along 
the  trajectory.  At  the  trajectory,  if  the  value  of  I  has  some  change,  in  order  to  get  larger 
extended  range  effect,  v/c  must  keep  I  is  adjacent  to  Im. 
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For  the  bleed  propellant  with  certain  weight,  the  burning  rate  is  related  to  the  burning  time 
of  base  bleed  unit.  The  higher  the  burning  rate,  the  shorter  the  burning  time.  The 
lower  the  burning  rate,  the  longer  the  burning  time.  The  combined  influence  of  base  bleed 
on  the  extended  range  rate  is  concerned  with  two  parameters,  they  arc.  the  reduced 
drag  rate  and  burning  time,  as  shown  in  Fig. 3,  the  burning  rate  influences  the  base  drag 
and  burning  time.  Its  combined  influence  on  extended  range  rate  is  not  certain  to  be  large.  In 
order  to  express  this  influence,  we  use  the  concept  of  Impulse  of  reduced  drag  rate.  It 
is  defined  as: 


=1 


\  R  -R, 

dt 

n  R  .. 


(5) 


where  R„- projectile  drag  without  bleed;  Rd  -  projectile  Uiag  with  bleed;  u- burning  time. 
Substitute  drag  expression  to  E,.  (  5  )  ,  wc  get 
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Co  -  drag  coefficient  without  bleed,  Cdb -  dra.  coefficient  with  bleed.  In  approximate  calculation, 
wc  set 

(8) 
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or  we  take  integrated  average  value 
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In  comparison  with  schemes,  if  Ski  reaches  maximum,  then,  this  scheme  is  the 
optimum  one  obtaining  the  maximum  extended  range  effect.  In  the  stage  of  scheme  demonstration 
and  initial  design,  the  influence  of  the  sipn  eifcct  must  be  considered  in  selecting  the  burning 
rate.  The  influence  of  spin  on  burning  rate  is  related  to  the  structure  of  base  bleed 
unit  and  spin  velocity.  I -'or  general  spin  stabilized  projectile,  the  spin  velocity  may  increase 
the  burning  rate  alxjur  thirty  percent.  In  a  word,  the  principle  of  selecting  burning  rate  could 
be  expressed  as  the  following;  under  the  condition  of  specific  projectile  launch 
parameters,  considering  the  influence  of  spin  effect,  we  acquire  the  burning  rate  corresponding 
to  the  maximum  extended  range  rote.  Mathematically,  it  can  be  expressed;  we  gain 
the  burning  rate  which  corresponds  to  the  maximum  impul.se  of  reduced  drag  rate  Ski 


1.4  Method  of  Determination  of  Burning  Rate 

Method  of  determination  of  burning  rate  may  be  completed  '//  using  electric  computer  program. 
In  order  to  understand  the  calculation  procedure  clearly,  wc  explain  it  step  by  stcp: 

1.  Determine  the  launch  parameters  of  projccitle ;  (  1)  Initial  velocity;  (2)  Angle 

of  departrure-  (3)  Structure  of  projectile;  (4)  Wright  of  projectile. 

2.  Determine  the  structure  of  base  bleed  untl  initially.  (  1  )  Structure  size  of  base  bleed 
unit;  (2)  Propellant  weight;  (  3)  Propellant  structure  and  burning  mode;  (4)  Propellant 
density, 

3.  Calculate  ballistic  elements  and  meteorological  elements  of  base  bleed  projectile  by 
given  parameters. 

4.  Calculate  rh  from  point  to  point  along  trajectory. 

5.  Calculate  I  from  point  to  point  along  trajectory. 

6.  Calculate  pi,/p«,~-I  curve. 

7.  Calculate  curve  of  base,  drag  coefficient  vs  M  or  t. 

8.  Calculate  curve  of  overall  drag  coefficient  vs  M  or  t. 

9.  Calculate  Sri. 

10.  Calculate  the  overall  range. 

11.  Compare  schemes  and  determine  burning  rate. 

Example. 

Suppose;  projectile  length  900  mm,  boattail  length  70  mm,  projectile  diameter  155 
mm.  base  diameter  145  mm,  projectile  mass  43.5  kg,  initial  velocity  827  m/s. 
Sructure  of  b ""  bleed  propellant;  two  segments,  radial  burning,  outside  diameter  of 
the  base  bleed  unit  120  mm,  inside  diameter  45  mm.  By  using  procedure  mentioned  above, 
obtain  the  optimum  burning  rate  corrcspoding  the  maximum  range,  which  is  between 
1.8  mm/s  and  2.0  mm/s. 


2.  DETERMINATION  OF  IGNITION  TIME  OF  IGNITER  OF  BASE  BLEED  PROJECTILE 


2.1  Presentation  of  Question 

The  propellant  of  base  bleed  projccitle  Is  ignited  by  the  gas  with  high  temperature  and  high 
pressure  in  bore  of  a  gun.  When  projectile  leaving  the  muzzle,  pressure  rapidly  drops  from 
hundreds  of  atmospheres  to  one  atmosphere,  the  burning  propellant  blown  out  is 
possible.  In  order  to  ensure  the  propellant  ignition,  wc  install  igniter  inside  the  base 
bleed  unit.  It  can  ignite  the  propellant  once  again  outside  the  gun  tube  to  make  the  piopcllant 
burn  normal.  This  is  so --culled  secondary  ignition.  Based  r  i  exterior  ballistics  and  dispersion 
theory  of  shot,  this  paper  discusses  burning  lime  r  igniter  as  well  as  theory  and 
method  which  are  used  to  determine  the  dispersion  scope  of  the  secondary  ignition  time  of 
propellant. 


2.2  Principle  of  Determination  of  Burning  Time  of  the  Igniter 
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The  principle  of  determination  of  the  burning  time  of  igniter  is: 

1.  assure  that  the  propellant  can  be  ignited  reliably;  2.  decrease  the  influence  of  secondary 
igntiion  time  dispersion  of  the  propellant  on  overall  range  dispersion  as  small  as 
possible.  In  view  of  the  ignition  burning  process  of  the  propellant  of  base  bleed 
projectile,  the  burning  time  of  igniter  must  be  not  smaller  than  the  secondary  ignition  time 
of  the  propellant,  otherwise,  the  propellant  can  not  be  ignited  once  again.  That  is  not  assure 
that  the  propellant  can  be  ignited  reliably.  Suppose  the  maximum  secondary  ignition 
time  of  the  propellant  is  U2miix,  the  minimum  burning  time  op  the  igniter  is  t  im  in,  to  assrue 
that  the  propellant  is  ignited  reliably,  there  must  be 


Because  of  the  propellant  composition,  the  pressure  inside  the  base  bleed  unit,  performance 
of  igniter,  environment  conditions  and  dispersion  of  initial  velocity,  the  secondary 
ignition  range  has  certain  dispersion.  In  order  to  decrease  the  influence  of  secondary  ignition 
range  dispersion  on  overall  range  dispersion,  the  Igniter  should  assure  that  the 
secondary  ignition  range  dispersion  fo  the  propellant  basically  docs  not  influence  the  overall 
range  dispersion.  Suppose  the  secondary  ignition  rang',  is  Xb,  average  velocity  in  scope 
of  xb  is  vcp,  the  secondary  ignition  time  is  U2,  then 

x.  =  v  t. 

b  cp  bj 
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Suppose  the  probable  error  of  average  velocity  dispersion  is  EvCP,  the  probable  error  of  secondary 
ignition  time  dispersion  is  Em,2,  the  probable  error  of  secondary  ignition  range 
dispersion  is  EXb,  then 
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Form  calculation,  we  know 


(v  E 

'  cp  *.b2 
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b  vcp 


Therefore,  when  considering  the  secondary  ignition  range  di  (version,  we  only  need  to  consider 
the  secondary  ignition  time  dispersion.  That  is 

F',b-Vcpn,b,  (12) 


2.3  Method  of  Determination  of  Ignition  Time  of  Igniter. 

Now,  based  on  two  above-mentioned  p-inciples,  we  determine  the  ignition  time  of  igniticr. 
1.  Determination  of  maximum  burning  time  of  igniter 

Suppose  the  average  value  of  the  secondary  ignition  time  of  the  propellant  is  lt.Cp,  probable- 
error  of  the  secondary  ignition  time  dispersion  is  E,br  So,  the  maximum  igniliom  time  of 
igniler  t,  is 


FIGURE  4.  Photograph  wi'h  a  burning  igniter  and  inert  propellant  and  photograph 
with  a  burning  igniter  and  a  bumig  propellant 
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where 


(13) 
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n  -  number  of  round;  t b2 i- secondary  ignition  time  of  the  i  -  tli  round,  i=  1,  2 ,  — .  n. 

2.  Determination  of  secondary  *g  tiiion  time  dispersion  of  propellant 

The  probable  error  of  the  oi  rail  range  dispersion  of  shot  is  Ed.  It  can  be  expressed 
as  follows 


Where  F.*-the  range  probable  error  of  gun,  Exib-thc  range  probable  error  caused  by  the 
secondary  ignition  range  dispersion  of  propellant.  Since  the  range  of  base  bleed 
projectile  is  related  to  the  drag  coefficient  Qv.  that  is 

X--|-(CD)  (16) 


When  the  secondary  ignition  time  is  different,  the  drag  coefficient  is  also  different.  That 
is 

Ca  '-W  07) 


The  relation, hip  between  the  probable  error  Etb  of  the  secondary  ignition  time  of  propeliant 
ami  the  range  probable  error  H,  i  is 


Cv 


FIGURE  5.  C0~x  curve 

Point  b  is  the  secondary  ignition  location  of  the  propellant. 
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where 


aX 

aC. 


the  sensitivity  factor  of  range  on  the  drag  coefficient,- 


aC, 


?t. 


(18) 


the  sensitivity 


"D  b 

factor  of  drag  coefficient  on  the  secondary  ignition  time.  Suppose  Exib-O.lE*,  it  is  ensured 
that  E:<u.  does  not  influence  Ek.  Substitute  it  into  the  formula,  we  have 
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The  formula  (  19)  can  be  used  to  calculate  the  secondary  ignition  time  dispersion. 
After  determination  of  tactical  and  technical  targets,  overall  scheme  of  gun  system  is 

*Cr 


also  determined.  Ex, 
the  formula  (  19  )  . 


aX 

aC„ 


Jt. 


arc  all  known.  Thus,  wc  can  determine  Etb  by 


aX  . 

2.4  Calculation  of  — —  and  — =- 

jCd  *lb 


1.  Calculation  of 


aX 

aC~ 


a.  Method  based  on  ballistic  equations 


Using  the  motion  equations  of  the  projectile,  and  taking  Cu  to  change  one  unit,  we 

^  X 

can  calculate 

a(  d 

b.  Method  based  on  correction  coefficient 


I  he  expression  of'  ballistic  coefficient  c  is 


we  can  get 

~*C  cdG 


(20) 


where  -the  ccrrcction  coefficient  of  range  or.  ballistic  coefficient;  d  -  projectile  diameter; 

G  -  projectile  weight:  Con- drag  coefficient  under  the  condition  of  standard  projectile. 
aC. 

2.  Calculation  of 


at. 


we  know 

CD-f,(M),  M  —  f4(tj)) 


So, 
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By  using  the  above  formula,  we  have  two  methods  to  a  .  mlate 

aC 

a.  Direct  calculation  of - 

atb 

Cased  on  the  aerodynamics  of  projectile  or  experiment,  we  am  get  Cd-M  curve.  By  using 
ballistic  equations  we  can  calculate  M~u  at  tre'ectory,  thus  we  can  get  Cd-'-U  curve.  From 
acD 

this  curve  wc  obtain  — — 

b.  Calculation  of  —2.  ,  fM.  .  recalculation  of  — — 

aM  at  -»t 

b  » 

By  using  ballistic  equations  we  calculate  M  "  u  and-—- 

aC  b 

recalculate  — —  . 

at. 


2  5  Examples 

Suppose  diameter  of  a  base  bleed  projectile  d-  155mm  its  'eight  G- 45Kg.  initial  velocity 
v 950m  /  s,  departure  angle  0  n=  45°  ,  flight  up  leg  time  l,=  46s,  when  range 
probable  error  E*“  80m,  lOOtn,  150m  find  trie  maximum  bun  i  g  time  t,  of  igniter  and  probably 
eiror  of  its  dispersion.  Hu,.  Using  above  -  mention;  1  methods  wc  get  t,  and  Eu  as 
shown  in  . . ' b I c  1. 


2. f)  Determination  of  Secondary  Ignition  Range  of  Ptopellunt  by  Experiment 
1.  Method  using  smear  camera 

At  the  side  of  departure  line,  among  tnc  distance  of  50-  60  m,  begin  with  10  m  front  the 
nut.vle,  we  locate  tnear  caineias  at  10  rn  interval.  By  comparison  of  photographs  one  with 
a  burning  igniter  and  an  inert  piopcilarit  arxl  the  other  with  a  burning  igniter  and  a  burning 
propellant,  we  can  determine  whether  the  secoindary  ignition  of  the  propellant  would 
occur,  as  shown  in  Fig.4,  a  is  the  photograph  only  with  bunting  igniter,  b  is  the  photograph 


with  both  bui  .tint  igniter  and  burning  propellant. 


2.  Method  u.:tng  Doppler  radar 

Use  a  Doppler  radar  to  measure  velocity  of  the  base  bleed  projectile  among  the  range  about 
300  500m  away  from  the  muzzic,  draw  the  Cn'-x  curve,  to  the  curve,  determine  the  secondary 
nilion  distance  of  th  propellant  as  shown  in  Fig. 5. 
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1.  INTRODUCTION 

Tte  total  drag  for  supersonic  projectiles  consists  of  shock  wave  drag, 
viscous  drag  and  base  drag.  The  base  drag  is  a  major  corn  ributor  to  the 
total  dray  and  can  be  as  much  as  50-70%  of  the  total  drag.  Thus,  it  is 
especially  important  to  minimize  this  port,  of  the  drag.  Base  bleed  is  an 
effective  means  of  reducing  the  base  drag.  The  structure  of  the  flow  in 
base  region  is  changed  by  a  small  quantity  of  low  speed  gas  injected  in  to 
the  dead-area. 

The  bos  t  review  about  base  bleed  is  given  by  Murthy  et  a.i  ( 1 J .  Bowman 
and  Clayden  have  reported  their  experimental  studies  on  supersonic  flow 
over  cylindrical  afterbodies  v/ith  gas  injection  in  Ref. [2].  Recently  Sahu 
has  developed  a  new  numerical  method  to  compute  the  base  region  flow  using 
Azimuthal-Invariant  thin-layer  N.S.  equations,  in  which  an  iterative  boundary 
condition  procedure  has  been  developed  Lo  determine  the  bleed  exit,  boundary 
conditions.  In  Sahu 1 s  paper  [3],  the  effects  of  solid  phase  fuel  particle 
in  the  exit  jet,  fuel  enthalpy  of  combustion  and  gas  molecular  weight  have 
not  been  considered  but  those  factors  have  shown  their  very  important 
positions  in  base  bleed  function.  Recently,  Schilling  has  presented  a  simple 
theoretical  approach  for  base  bleed  calculations  in  which  boat-tail  and 
burning  equation  of  fuel  are  considered,  but  solid  ptiase  mass  ratio,  fuel 
enthalpy  of  combustion  have  not  been  considered. 

The  present  paper  describes  a  new'  model  of  base  bleed  with  base  combustion 
in  which  exit  area  ratio,  flight  Mach  number,  chamber  stagnation  temperature, 
jet  gas  molecular-  weight,  solid  mass  ratio  of  ex;t  two-phase  mixture  gas, 
enthalpy  of  combustion  etc.,  have  been  considered.  The  predicted  results 
show  general  agreement  with  the  available  experimental  curves. 


2.  BABE  BLEED  GAS  DYNAMIC  ^ODFh 

Eor  a  common  projectile  without  bast  bleed  function,  the  flow  stream  pattern 


•  u 'at:  the  base  section  can  lx1  imply  sketched  out  at.  Fig. 1-u.  The  dead  a '  ■ '  1 
it;  separated  lay  t.lm  c  oarat  ion  stream  1  i ne  f  oxii  the  outside-  potent ia.l.  flow. 
One  has  plenty  of.  reason  fo  think  l hat  thorn  .is  an  interior  separation 
rft.rociml.Lne  .separating  t  he  don’  area  From  the  base  injection  flow  m  the  case 
of  the  project;  i.le  with  >.  base  o.l.eod  funct  ion.  .See  Fig.  T-b.  At.  t.lva  end  of 
the  dead  area,  there  is  sect. Lop  area  A,  which  is  not  equal  to  zero,  so  that 
dead  area  txxxnoes  a  hollo'  head-cut.  cone.  The  schlieren  photographs  from 
Hid  .  12  i  may  support  the  statement  above,  see  Fig. 2. 

The  secondary  burning  phenomenon  are  observed  in  the  tests  very  often. 

Solid- phase  fuel  in  particle  form  mixed  with  gas~pliase  is  burning  along 
the  jet  path,  one  cart  consider  that  dynamic  equilibrium  has  been  reached 
at  section  A, ,  where  P,=P«  ,  and  the  burning  of  sol id-pyase  fuel  has  been 
completed  already . 

Taxing  a  control  volume  between  sect,  ion  Ai  and  oojtioi  A.  ,  see  Fig.  3 
Governing  e< tuations  as  follows.  Continuity  equi.it  ion 

A,  =  Pm,u,A.  =m2-/>2u2A2  (1) 


Momentum  equation 

p  (A  —A  )  +  P  A  —  27if r-  r*  p  (r)dr  ••!•  2«j\  •  t(x)dx  -  ?  A^m^-n^u,  (2) 
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Energy  equation 

H  -  H  =  e  •  AH  -  Heat  lost  to  surrounding 
02  01 


(3) 


where  solid-phase  mass  ratio 


=  A,  +  Pp 


(5) 


The  following  equation  can  be  easily  transferred  from  Eq.(l) 
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it  is  obvious  that  the  gas-solid  phase  flow  at  section  A2  should  be  m  a 
equlibrium  state,  so  that  the  following  expressions  can  be  quoted  from 
Ref.  [ 7  J . 


R^O-rdR, 


v)  tore 

Rt  =  R/n  (8) 

and 


(9) 


TIk>  vinous  to  nr.  in  Kq.(2)  it;  much  smal  I.or  t.lian  anoth.'i:  pressure  tom;,  so 
ii  can  bo  amit.t.txl  for  simpli  t‘. teat  ion  purpose.  Furthermore ,  the;  separation 
streamline  can  lx;  considered  <is  straight  l  ine  tot:  tin  time  l  wing.  As  tht;ro 
exist,  plenty  A  reliable  methods  to  ost. imal.o  pressure  distribution  in 
aerodynamics,  such  as  shock  expansion  method,  -haractoristic  method  ot  al. , 
'n- !M  X )  in  F,q.(2)  can  be  assured  of  txvi.ng  solved.  Among  them,  the 
following  equation  may  be  the  simp  Lies t  one  [8|. 
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it  can  bn  rewritten  as 

P  r 

—  =  I  ±k(0.001  i  0.0008M 2  )  (5-7--- 
p  -  2L 


( 10) 


where  A2  =•  A2  /  A,i  Ab  =  Ab  /  A,  ,  The  length  of  dead  area  L  =  L /  2r ,  .  Minus 

or  plus  sign  chosen  in  Eq.(lO)  is  dependent  on  whether  A?  less  than  Atl 
or  not.  For  more  general,  cascp  define 


2j'k  r-  P  (r)dr 


where 
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8  s  b  1  2  X}  ' 
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( .12 ) 


can  be  obtained  by  accurate  methods  which  are  available  wherever  in 
aerodynamics .  Then,  Eq.  (2)  becomes 


( — A~—  )[l  +  P  (A-  -  l  )  ---  +  k  Mj 

A  ~  1  /!_  'V  A,  )  A,  2  2 
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where  P.  "P.,^/P. 

Considering  the  specific  heat  of  gas-solid  mixture  [7] 


(CP)  ,  -  (  1-  c  )  (C,)  t  t  r.Cp 


(13) 


(14) 


and  omitting  the  radiation  lieat  loss  to  the  surrounding  from  the  control 
volume,  Eq - ( 3 )  can  be  rewritten  as 
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The  autnors  of  most  available  papers  or,  base  bleed  l  ike  to  use  injection 
parameter  1  =  m .  /  ^Euir  #  so  does  the  author  of  the  present  paper.  After 
simple  derivation,  one  can  obtain 
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where  R  rind  k  art;  0.287  kJ/ky K  and  1.404  respect ive J.y  tor  air. 


3.  SOLUTION  OF  'HIE  EQUATIONS  AND  /tDOITIONAL  ASSUMPTIONS 

There  exist,  many  sani-carpirical  expressions  for  estimating  the  base  pressure 
without  ease  bleed,  one.  of  them  is  from  U.S  ^rrny  BRL  in  198 J 
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The  cylinder  length  1^  ,  boattail  shape  and  flighting  Mach  number  are 

considered  in  this  expression. 

For  this  case  without  base  bleed,  then  =  o.  If  the  contour  of  the  dead 
area  and  Mach  number  are  given,  taking  iteration  to  Eqs  (12),  (13)  and  (17), 
one  can  obtain  the  effective  length  of  the  dead  area  L  .  For  the  case 
with  base  bleed,  one  can  assume  the  contour  of  dead  area  will  change  only 
in  diameter,  but  not  in  the  effective  length. 

According  to  Eq. (15),  one  can  obtain  the  stagnation  temperature  of  jet  flow 
at  section  A2  . 

Since  most  of  the  base  bleed  structures  so  far  contain  a  subsonic  or  sonic 
nozzle,  the  pressure  at  exit  section  Pi  is  equal  to  the  base  pressure  pb  . 

As  the?  exit  Mach  number  Mi  is  qiven,  the  parameters  A  ,  p,  and  Pb  can  be 
solved  by  iteration  net hod.  based  on  Eqs. (6),  (12)  and  (13).  For  the  purpose 
of  comparison  with  experimental  curves,  injection  flow  rate  ratio  I  is 
calculated  by  Eq. ( 16 ) . 

The  whole  calculating  process  has  been  completed  by  Program  BLEED. 


4 .  EXAMPLE 

A  projectile  with  5  calibre  cylinder  without  boattail.  (C„  )#~1.0  kj/kg  K, 
Cp=  0.7  kJ/kg  K,  surrounding  temperature  T«  =  200K. 

Following  parameters  have  been  considered  as  independent  parameters  in  the 
calculation  examples:  flight  Mach  number  m„.  ,  jet  gas  molecular  weight  n  , 
total  temperature  in  the  chamoer  T0!  ,  solid  phase  mass  ratio  £  ,  fuel 
enthalpy  of  combustion  A  H,  and  base  bleed  exit  area  ratio  A"b  .  The  results 
and  the  comparisons  v/ith  experiments  are  shown  as  following  in  sequence. 


4.1  The  Effects  of  Exit  Area  .Ratio 

Taking  £  -  u,  it  means  that  pure  gas  or  no  secondary  burning  is  considered. 
So  that,  T0,  =  T02  . 

Ab  =  16,  8  and  4  have  been  accounted  fox  in  this  example,  the  length  of 
de  id  area  L  are  obtained  10.296,  7.272  and  5.14  respectively.  The  results 
are  shown  on  Fig  4.  The  pure  gas  is  He  whose  molecular  weight  is  4,  and 
total  temperature  T0i  is  taken  300K.  The;  results  of  the  wind  tunnel  test 
with  a  center  nozzle  by  Reid  and  Hastings  [2]  are  shown  on  Fig. 5. 
Although  they  did  not  give  t’ne  molecular  weight  and  temperature,  one  can 
realize  that  the  t»  soret ical  model  works  well  indeed . 


As  the  value  of  I  is  less  than  0.003,  t.te  effect  »f  the  exit  area  on  base 
pressure  is  negligible,  which  agrees  with  the  cor.  elusion  from  Ref.  [9], 
(see  Fig.6). 

The  similar  curves  can  be  found  from  Ref.  [1]  (see  Fig.  6?)  and  Ret. [4] 
(see  F'ig.4). 


4.2  The  Effects  of:  Jet  Gas  Molecular  Weight 

Two  gases  with  molecular  weight  4  and  28  respectively  have  been  taken  .in 
the  examples.  Taking  Ab  =  9,  pure  gas  ( c  =  0),  T„,=  T02  =  300K.  The 
effective  length  of  the  dead  area,  L  =  7.73,  is  obtained.  The  numerical 
results  are  shown  in  Fig. 7,  from  which  one  can  see  that  the  lighter  jet 
gas  molecular  weight  will  bring  a  better  effect  of  drag  reducing  under  the 
condition  of  flow  rate  I  is  not  too  large.  Many  experiment  results  have 
been  found  to  support  this  conclusion .  Hie  experiment  curves  from  Ref.  [2] 
are  shown  in  Fig. 8  ana  9. 


4 . 3  The  Effect  of  Flight  Mach  Number 

Two  cases  have  teen  calculated.  One  case  is  that  there  is  solid  fuel 
particle  unburned  at  the  base  bleed  exit  section,  as  well  as  the  secondary 
burning  phenomenon  exists.  The  other  case  is  under  the  condition  that  all 
the  fuel  is  burnt  out  at  the  exit  section. 

Taking  Ab  --  16,  T01  =  3000K,  T.  =  300K,  solid  mass  ratio  e  =  0.5,  fuel 
enthalpy  of  combustion  AH  =  2000kJ/kg,  jet  gas  molecular  weight  p  =  30. 

Flight  Mach  number  1.1,  1.5,  2.0,  2.5  and  3.0  are  considered  in  calculat¬ 
ing.  Bleed  jet  Mach  number  is  changed  smoothly  between  zero  andj.,0.  The 
higher  the  flighl  Mach  number,  the  larger  the  absolute  value  of  (»Pb/  3l);_0 
that  one  can  find  from  Fig.  10-a.  So  that  the  tetter  effectiveness  of  drag 
reducing  can  be  accomplished  with  higher  Mach  number  that  has  been  pointed 
out  by  wind  tunnel  tests. 

For  the  other  cose,  Ab  =  16,  T0,  =  T02  =  3000K,  jet  gas  molecular  weight 
=  4 .  Four  Mach  numbers ,  1.5,  2.0,  2.5  and  3 . 0  are  calculated ,  tf  s 
effective  length  of  dead  area  are  obtained  with  11.3,  10.3,  9.8  ana  9.4, 
respectively.  Results  are  shown  in  Fig.  10-b. 

Fig.  11  shows  the  wind  tunnel  test  results,  based  on  Ref.  [9],  in  which 
Mach  number  was  taken  between  0.96  and  2.525. 

Alternative  test  results  one  can  find  from  Ref. [2]  are  quoted  in  Fig. 12. 

Both  Fig. 10  of  calculating  and  Fig. 12  of  experiments  show  the  same  tendency. 


4.4  The  Effect  of  Stagnation  temperature  in  Burning  Chamber 

Taking  pure  gas  with  ^  =  4  and  Ab  =  7,  flight  Mach  numbtr  M^  =2,  T.  =  200K. 
The  stagnation  temperatures  are  300K,  1000K  and  jOOOK  are  considered 
respectively.  Fig. 13  shows  the  calculating  results  in  which  one  can  find 
the  higher  stagnation  temperature  in  chamber  will  bring  the  more  effective 
base  bleed  function  that  has  been  confirmed  by  plenty  of  experiments. 

The  pure  Helium  gas  test  results  with  temperature  of  290K  and  3000K  are 
given  in  Fig. 14 -a.  As  neither  M«.  number  nor  surrounding  temperature  Tk 


is  reported  in  Koi .  [  2  ] ,  (lie  cony \»r  i. son  wit  h  Fi.g.  1.5  is  limited  qual.it. tit  ively, 
yet  it.  is  generally  satisfactory.  Kivu  different  t  ciiyxn.nt.uros  of:  Helium 
gas  wore  taken  in  t  in-  Lost  of  which  the  result  s  are  shown  in  Fig.  14-b. 


4.5  The-  F,i  foot  s  of.  Solid  Phase  i-’i  n  ■  1  Part  u-.l.o  Mass  Ratio  and  the  Kuo  1 
Enthalpy  of  Combust  ion  A  II 

Taking  the  f  irst,  study  about  the  ef  fect,  oi  fuel  par  t  icle  mass  rat  in.  In 
the  calculating,  taking  A  -  16,  M«,  -  2.0,  chamlxjr  stagnation  temperature 
2.000K,  jet  gas  molecular  weight  /<*  30,  adiabatic  exponent.  k„  =  1.3,  fuel 

enthalpy  of  combustion  All  -  3000kJ/kg. 

Two  cases  of  solid  phase  mass  ratio  r.  -  0.5  and  0.8  are  considered.  The 
results  are  given  .in  Fig. 15,  from  which  one  can  find  that  the  increasing 
of  the  base  pressure  will  bo  more  obvious  for  tire  larger  mass  ratio  case. 

One  can  also  find  that  the  base  pressure  may  be  higher  than  surrounding 
atmosphere  pressure  in  the  case  of  certain  large  value  or  I  value. 

The  next;  calculation  is  for  the  case  of  alternative  fuel  enthalpy  of 
combustion,  taking  stagnation  temperature  T0,  =  1000K,  and  solid  phase  mass 
ratio  E  =  0.5,  and  the  rest  underlying  data  sane  as  before.  Four  cases  of 
enthalpy  of  combustion  1000,  2000,3000  and  4000kJ/kg  are  considered  in  the 
calculating,  (see  Fig.. 16)  The  case  with  nigher  fuel  enthalpy  of  combustion 
will  be  followed  by  better  base  bleed  effectiveness. 

Fig. 17  is  quoted  from  Ref. [10],  whose  author  has  done  some  tests  at  No. 2 
wind  tunnel  at  EC1T.  It  is  obvious  that  the  present  theory  works  well  indeed. 


5 .  CONCLUSIONS 

A.  A  practical  base  bleed  combustion  model,  has  been  given.  In  the  present 
model  the  following  factors  have  been  considered:  base  bleed  exit  area, 
flight  Mach  number,  stagnation  temperature  in  chamber,  solid  mass  ratio  in 
jet,  fuel  enthalpy  of  combustion  and  jet  gas  molecular  weigth  etc. 

B.  In  the  case  of  small  jet  mass  flow  rate,  the  effect  of  exit  area  on  base 
pressure  is  negligible.  In  the  case  of  certain  mass  flow  rate,  the  larger 
exit  area  will  be  followed  by  better  base  bleed  effectiveness. 

C.  The  lower  jet  gas  molecular  weight  of  a  base  bleed  instructure  will  be 
accompanied  by  a  higher  base  bleed  effectiveness. 

D.  The  acceptance  of  base  bleed  instructure  is  encouraged  at  higher  flight 
Mach  number,  in  which  condition  the  larger  absolute  value  of  (3p  /al)(_0 

is  obtained . 

E.  When  the  stagnation  temperature  in  the  chamber  is  rising,  the  high- 
performance  base  bleed  will  be  reached. 

F.  Either  high  value  of  solid  particle  mass  ratio  *  ,  or  high  value  of  fuel 

enthalpy  of  combustion  will  promote  the  base  bleed  function. 

LIST  of  SYMBOLS 

A  Section  area 

Cp  Fuel  specific  iieal 


(Cp)K  Gas  sixxvi.l  ic  Jitvit 

II  Heal  ent.lialpy  (kJ/kg) 

All  Fuel  enthalpy  of  combust  ion  (kJ/kq) 

I  Mass  1.  low  rat  i'  par.imet  or 

kim  Equivalent  adiabatic  exponent  of  gas  -sol  id  equi  1  i  bi.  iurn  nvixt  are 
k j,  (i-is  ad uitxit  ic  exponent 

I,  Length  of  cylinder;  Length  of  dead  area 

M  Mach  numlx.u 

ni  Mass  f  low  rate 

p  pressure 

Rmi  Equivalent  gas  constant,  of:  gas-solid  equilibrium  mixture 
It,  Gns  constant  of:  jet.  gas  at.  section  A, 
r  Radial  coordi.nato 

u  Flow  velocity 

E  Solid  mass  ratio 

P  >  Fuel  density  in  gas -solid  mixture 
Pt  Gas  density  in  gas-solid  mixture 
P m  C fas  -solid  mixture  density 

P  Gas  molecular  weight. 

P  Semi-angle  of  conic  dead  area 

Subscripts 

1  ^xit  section 

2  End  section  of  dead  area 

a  Atmosphere 

ave  Average  value,  see  Eq.(ll) 

b  Base  section 

eff  Effective 

g  Gas  phase 

m  Mixture 

s  Side  surface  of  dead  area 

o  stagnation  condition 

~  Free  stream 
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FIGURE  1 .  Qualitative  sketch  pattern  in  the  base  region 


i-  n 


1“  0-005 


1“  0-015 


FIGURE  2.  Schlieren  pictures  in  the  base  region 
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FIGURE  3.  Sketch  of  control  volume  for  base  bleed  model 
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FIGURE  5.  Reid  and  Hastings’ 
experiment  carves 
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FIGURE  4.  The  effects  of  exit 
area  on  base  pressure 
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FIGURE  6.  Experiment  results 
from  Ref.  (9) 


FIGURE  8.  Experiment  curves 
of  base  bleed  with  N  and  H 
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FIGURE  7.  The  effect  of 
jet  molecular  weight  on 
base  pressure 


FIGURE  9,  The  effect  of 
molecular  weignt,  Ref.  (2) 
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The  effect  of  solid  phase  mess  ratio  on  base  bleed 
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FIGURE  16.  The  effect  of  fuel  enthalpy  of  combustion  on  base 
bleed  function 


FIGURE  17.  Experiment  results  of  two  different  fuels 
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ABSTRACT 

The  basic  trajectory  model  is  the  standardized  Modified  Point  Mass 
trajectory  model  where,  in  the  first  phase,  the  base  drag  reduction  and 
the  gas  generator  mass  flow  rate  are  calculated.  The  burning  rate  is 
expressed  as  a  function  of  the  upstream  atmospheric  pressure  and 
operating  generator  temperature.  The  base  drag  reduction  coefficient  is 
expressed  as  a  function  of  Mach  number  and  characteristic  mass  flow  rate. 
Following  several  campains,  the  coherence  of  the  model  with  firings  has 
been  verified. 


1.  INTRODUCTION 

Most  of  the  studies  on  base-burn  conducted  in  France  concern  special 
areas  such  as  aerodynamics,  constitution  and  combustion  of  propellant  or 
interference  between  combustion  and  flow  in  the  vicinity  of  the  projectile 
base.  These  studies  are  very  interesting  in  the  aim  of  such  projectiles 
design  and  development.  Our  purpose  is  different,  we  have  to  establish 
firing  tables  for  the  users.  So  we  need  a  trajectory  model  which  include 
base-burn  particularities.  This  model  sould  be  also  used  by  tire  army  in 
artillery  calculators  and  consequently  it  must  not  be  too  sophisticated. 

Hellgren  [1J  first  established  such  a  range  calculation  program,  but  it 
calculates  motor  pressure  and  it  needs  many  input  data,  some  of  which 
like  base  drag  coefficient  are  very  difficult  to  know. 

We  think  that  a  model  more  simple  can  be  used.  The  basic  model  is  a 
modified  point  mass  trajectory  model  (21  which  is  generally  used  in  the 
preparation  of  firing  tables.  This  basic  model  is  completed  by  specific 
terms  which  modelise  base-burn  main  aspects  :  drag  reduction  and  mass 
flow  rate. 

Drag  reduction  and  mass  flow  rate  can  be  written  in  the  following  general 
expression  : 


Rod  =1/2  p  SV2  CxBB  (M,  I,  P,  0P.  ...) 


(1) 


dm/dt  =  Vc  (M,  I,  P.  Op,  ...)  p{)  3c  (men) 


(2) 


The  time,  for  which  the  burnt  propellant  mass  which  is  calculated  by  the 
equation  (2)  is  equal  to  the  initial  mass  of  propellant,  is  an  output  data. 
This  time  can  be  compared  to  the  measured  burning  time  and  is  also  the 
separation  between  the  two  phases 'of  the  trajectory.  The  terms  (1)  and 
(2)  take  part  into  movement  equation  system  only  in  the  first  phase, 
during  which  the  drag  reduction  occurs. 

From  the  general  formulation,  the  problem  is  to  identify  parameters 
which  affect  drag  reduction  coefficient  Oxbb  and  combustion  rate  Vc  and 
finally  to  determine  the  functions  of  these  parameters.  These  functions 
must  be  accurate  enough  to  provide  calculated  trajectories  and  burning 
time  suitable  to  measured  trajectories  and  burning  time  whatever  the 
firing  conditions  (wind,  muzzle  velocity,  elevation,  cannon  altitude,  etc...) 
are. 

To  this  end,  specific  tests  and  corresponding  suitable  means  of 
measurement  have  been  set,  and  are  described  in  §2.  Chapters  3  and  4 
explain  the  way  of  interpreting  the  results  and  getting  the  modelisation  of 
the  mass  flow  rate  (chapter  3)  and  the  drag  (chapter  4).  Finally  we  have 
summed  up  the  main  ch  .racterislic.  of  the  mode!  fer  base-burn 
projectiles  in  §5  before  concluding. 


2.  TESTS 

2.1  Tests  Planning 

To  identify  ihe  parameters  affecting  the  drag  reduction  and  burning  time, 
the  principle  of  these  tests  is  the  following  :  for  two  identical  values  of  a 
single  parameter,  the  other  parameters  which  can  affect  affect  the  drag 
coefficient  or  combustion  rate  are  different. 

Two  French  base-burn  piojectiles  have  been  tested:  the  first  one  in  June 
19SS  and  the  second  one  in  September  1987.  The  test  planning  was  the 
Same  for  the  two  campains  but  the  second  one  took  advantage  of  many 
means  of  measurement  and  especially  a  trajectory  radar. 

According  tc*  the  principle  above  stated,  the  test  planning  is  defined  as  : 

25  rounds  with  propellant  block  at  21°C 
5  charges  x  5  elevations 
25  rounds  without  propellant  block 
5  charges  x  5  elevations 

24  rounds  with  propellant  block  at  diflerem  temperatures 
4  temperatures  :  31°C,  5°C.  36°C,  5l°C. 
for  each  one,  3  charges  x  2  elevations. 


2.2  Means  of  Measurement 

The  measures  made  during  firing  tests  provide  all  the  data  used  as  inputs 
and  as  parameters  which  allow  to  develop  and  adjust  the  model. 

Before  each  firing,  the  following  measurements  are  made: 

-  inertial  characteristics  of  each  projectile  :  mass,  position  of  the 
centre  of  gravity,  moments  of  inertia 

-  for  each  round  :  elevation  and  azimut  angles,  time  of  firing, 
projectile  temperature  . 

It  is  also  very  important  to  know  as  accurately  as  possible  all  the 
meteorological  parameters  (air  pressure,  temperature,  humidity,  and 
wind  velocity  and  direction  versus  altitude).  One  sounding  per  hour  is 
required,  then  wind  data  are  computed  by  a  model  of  statistic 
interpolation  versus  time  and  distances.  So  this  statistical  model  can 
provide  sounding  as  trajectory  model  input  data  for  each  round. 

During  its  flight,  the  projectile  is  fully  tracked  by  a  trajectory  radar,  and  in 
addition  to  that,  is  tracked  by  Doppler  radar  during  the  beginning  of  the 
trajectory  (until!  roughly  20  s  of  flight). 

Each  round  is  also  equiped  by  a  radio-electronic  fuze  to  deliver  burning 
time.  Some  projectiles  carry  yaw  sondes.The  muzzle  velocity  is  measured 
by  two  independent  means  of  measurement. 


3.  MASS  FLOW  RATE  AND  BURNING  TIME  MODELISATION 
3. 1  Calculation  of  Mass  Flow  Rate 

The  so  called  "burning  time"  calculated  by  the  model  is  the  very  moment 
for  which  the  last  propellant  gramm  has  been  burnt.  So  it  is  linked  to  the 
mass  flow  rate  which  can  be  expressed  by  : 

dm/dt  =  VC  (M,  I,  P,  0p,  ...)  pp  SC  (mCB) 

where  Vc  is  combustion  velocity 
Pp  is  propellant  density 

Sc  is  the  area  of  combustion  as  a  function  of  mass  of  burnt 
propellant  ,  mcB  : 

Sc  =  ai  +  bi.mcB  for  mce  :  <  mcB  <  mcs  i+i 
At  any  given  time,  the  mass  of  burnt  propellant  is  : 
mCB  (t)  =  m0  -  m(t) 

where  mo  is  the  mass  of  the  round  when  fired 

m(t)  is  the  mass  of  the  round  at  time  t 
and  we  know'  that  at  initial  time  i.e.  t  =  0,  m(0)  ~  mo  -  mcBO 
where  rnceo  is  the  burnt  propellant  mass  in  the  barrel  and  depends  on 
the  charge. 


Note  that  pp  and  the  function  vSc  (mcii)  Is  provided  by  the  propellant 
constructor. 


3.2  Measurements 

First  before  the  campain,  some  tests  have  been  conducted  on  propellant 
in  pyrotechnical  laboratory.  Particularly  we  are  interested  in  combustion 
rate  obtained  on  the  stand-burner  under  several  pressures  and 
temperatures.  Of  course  It  is  not  really  representative  of  the  combustion 
during  round  flight,  but  these  tests  allow  to  determine  the  combustion 
rate  of  reference  (Vco)  for  the  lot  of  the  tested  propellant  blocks  .  This 
also  give  some  idea  about  the  behaviour  of  combustion  rate  with  pressure 
and  temperature. 

During  round  flight,  the  burning  time  is  directly  measured  by  using 
special  fuze. In  fact,  each  projectile  with  propellant  block  is  equiped  with 
a  radio-electronic  fuze  which  emit  a  signal.  As  long  as  the  combustion 
goes  on,  this  signal  is  perturbated,  which  permits  to  obtain  the  burning 
time  with  an  accuracy  estimated  at  about  0,1s  (see  figure  1) 

Figure  1  :  155  DTC  Measured  burning  time 


3.3  Identification  of  Parameters  Affecting  Burning  Time 

We  have  found  good  correlation  of  combustion  rate  with  upstream 
pressure  and  also  propellant  temperature,  as  shown  by  the  following 
results  obtained  through  the  two  firing  campains. 


Correlation  with  pressure.  The  rounds  with  propellant  block  at  21°C 
have  been  exploited  with  the  model  where  mass  flow  rate  is  calculated  as  : 

dm/dt  =  -  K(M,  I,  P,  0p.  ...)VCo  Pp  SC  ImcB) 

Vco  .  Pp  .  Sc  were  defined  before  and  K  is  an  adaptation  parameter. 

For  each  round,  K  is  adjusted  to  match  the  measured  burning  time.  Of 
course  the  model  prints  at  every  step  the  following  data  :  Mach  number 

M.  characteristic  mass  flow  rate  1(1  =  (dm/dt)/pSV  ),  air  pressure  P;  it 


also  calculates  the  average  pressure 
MaU)y,  and  the  average  charact.ertst.ic 
t  lasie  buxn  phase. 


l*knoy  .  the  average  Mach  number 
mass  How  rate  Imo>  ^eer  the  whole 


So  we  can  draw  K  as  a  function  of  Mnioy.  Pmoy.  or  InH,v. 

We  have  only  found  correlation  with  upstrep  n  pressure  as  shown  on 
figures  2-1  and  2  2  using  a  linear  scale  and  figures  31  and  3-2  using  a 
logarithmic  scale. 

big.  2-1  155  RFC  Combustion  rate  versus  pressure 
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Fig.  2-2  155  DTC  Combustion  rate  versus  pressure 
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Fig.  3-1  155  RFC  Combustion  tab.-  versus  pressure 
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flg.  3-2  155  DTC  Combustion  rate  versus  pressure 
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The  best  correlation  hac  been  obtained  with  a  law  on  the  form  : 
K  =  A.P® 

Simulations  are  done  with  for  mass  flow  rare  expression  : 


dm/dt  =  -  A.P®  Vcc  Pp  Sc  (men) 

Figure  4-1  represents  the  corresponding  computed  burning  time  and 
figure  4-2  represents  the  difference  between  computed  and  measured 
burning  time.  The  corresponding  difference  in  combustion  rate  (in  %) 
and  the  consequences  on  the  range  (in  meters)  are  respectively  shown  in 
figure  4-3  and  4-4. 


Fig  4- 1 
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Fig  4-3  155  DTC  Difference  in  combustion  rate  (%) 
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One  may  note  that  for  the  highest  char  ges  the  differences  are  less  than  2 
s  for  burning  time,  5%  for  combustion  rate,  and  22  m  for  range,  which  is 
very  satisfactory  because  it  is  about  the  dispersion  we  can  expect  with 
propellant  blocks. 

For  lower  charges  the  differences  are  larger  but  this  kind  of  projectiles 
will  be  probably  used  essentially  with  higher  charges. 


Correlation  with  propellant  temperature.  In  this  case,  the  rounds  with 
propellant  blocks  at  different  temperatures  were  exploited  with  the 
model  where  mass  flow  rate  is  : 

dm/dt  =  -  K  A.P®  VC0  Pp  SC  (mCB) 

K  is  adjusted  to  meet  the  measured  burning  time  and  drawn  versus  0p  , 
this  graph  represented  in  figure  5,  permits  to  determine  the  function  of 
propellant  temperature  which  is  a  third  degree  polynome  : 


K(0p)  —  ao  +  +  ^3®p^ 


Fig.  5  155  RFC  Combustion  rate  versus  propellant  temperature 
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Then  as  before,  we  can  compare  computed  and  measured  burning  times 
(figure  6). 

Fig.6  155  RTC  Combustion  rate  versus  propellant  temperature 
Difference  between  computed  and  measured  burning  time 
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The  difference  between  computed  and  measured  burning  times  is 
generally  higher  than  for  21°C.  The  dispersion  in  combustion  rate  seems 
also  to  be  higher,  especially  for  the  higest  and  lowest  temperatures 
tested.  So  we  think  that  the  modelisation  of  the  combustion  rate  versus 
temperature  is  good  enough  with  a  third  degree  polynome  but  we  can 
expect  that  the  dispersion  in  range  should  be  higher  for  veiy  high  or  very 
low  temperatures. 


4.  DRAG  REDUCTION  MODEUSATION 


'rhc  addilionnal  term  In  movement  equation  due  to  drag  reduction  can  be 
written  in  the  following  general  expression  : 

Rbb  =1/2  P  SV2  Cxbd  (M.  I,  P,  Op.  ...) 

The  identification  of  parameters  and  their  functions  which  affect  drag 
reduction  is  allowed  by  the  great  diversity  of  firing  conditions  and  the 
suitable  means  of  measurements  described  in  §2. 


4.1  Measurements 

At  me  begining  of  its  flight  (about  20  s)  each  projectile  is  tracked  by  a 
Doppler  radar  which  permits  to  measure  velocity  as  a  function  of  time. 
Then  these  data  are  exploited  by  a  program  developped  by  ETBS  [3] 
which  provides  drag  coefficient  Cx  as  a  function  of  Mach  number.  (One 
value  of  Cx  is  calculated  . lor  one  Mach  number  per  second,  so  about  twenty 
values  of  Cx  are  calculated  for  twenty  values  of  Mach  number  for  each 
round) 

The  decrease  of  the  mass  flow  rate  occurs  after  the  end  of  the  Doppler 
radar  tracking.  So  in  order  to  observe  the  effects  of  the  mass  flow  rate  on 
drag  reduction  at  the  end  of  the  base-bleed  phase,  we  must  use  a 
trajectoiy  radar  tracking. 


4.2  Identification  of  Parameters  Affecting  Drag  Reduction 

Correlation  with  Mach  number.  Figure  7  presents  global  drag  coefficient 
for  DTC  projectiles  with  propellant  block  at  21°C  (Cxabb)  and  shows  that 
Cxabb  only  depends  on  Mach  number  because  the  dispersion  obtained  on 
this  coefficient  is  not  greater  than  it  is  for  a  classical  projectile. 

Fig.  7  Drag  coefficient  with  propella  nt  block  at  21°C 
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As  the  propellant  temperature  affects  combustion  rate,  one  may  think 
that  drag  will  be  affected.  This  is  not  the  case  as  shown  on  the  graph  in 
figure  8  which  represents  drag  coefficient  for  DTC  projectiles  with 
propellant  block  at  different  temperatures  (Cxabb  )•  Temperature  effect 
does  not  increase  the  drag  dispersion.  These  two  results  indicate  that  an 
optimal  mass  flow  rate  does  exist  above  which  the  global  drag  coefficient 
only  depends  on  Mach  number. 

Fig.  8  Drag  coefficient  with  propellant  block  at  different,  temperatures 


Mach  number 


Drag  coefficient  for  DTC  rounds  without  propellant  block  (Cxsbb)  is  drawn 
in  figure  9. 

Fig.  9  Drag  coefficient  without  propellant  block 


Mach  number 


Then  the  drag  reduction  coefficient  Cxbb  used  in  the  formula  §4  is 
calculated  as 


Cxbb  =  Cxsbb  -  Cxabb 


The  three  graphs  Cxabb  .  Cxsbb  and  Cxbb  as  functions  of  Mach  number 
were  plotted  on  figures  10-1  and  10-2  for  each  of  the  two  tested 
projectiles.  Cxqb  (M)  is  expressed  as  some  polynomial  functions  of  Mach 
number  (degree  <  4) 

Fig  10-  1  155  RTC  Drag  coefficients  versus  Mach  number 


Fig  10-2  155  DTC  Drag  coefficients  versus  Mach  number 
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Influenc  e  of  characteristic  mass  flow  rate.  During  the  emptying  phase  of 
base-burn  motor,  it  is  clear  that  drag  reduction  decreases  progressively. 
As  a  matter  of  fact,  the  projectile  drag  goes  from  the  Cxabb  curve  to  the 
CrsBB  ave. 


We  are  trying  to  define  the  function  of  characteristic  mass  low  r  ate  f(I) 
from  data  obtained  by  trajectory  radar. 

The  first  firing  carnpain  allows  us  to  point  out  a  characteristic  flow  rate  Io 
permitting  optimum  efficiency  of  base-bleed  motor  and  the  following 
expression  for  drag  reduction  : 

Rbb  =  1/2  p  SV2  CxBb  (M)  f(I) 

where  f(I)  -  I/Iq  if  I  <  Io 

f(I)  =  I  if  I  >  I0 


5.  SUMMARY  OF  THE  MAIN  ASPECTS  OF  THE  ACTUAL  MODELLING 
FOR  BASE-BURN  ROUNDS 

5.  i  Additionnal  Terms  for  Base-Bum  Rounds 

Additionnal  term  in  the  center  of  gravity  movement  equation  : 

Rbb  (V/V  cos  8e  +  8e)  /  m 

where  Rbb  =  1/2  p  SV2  CxBB  (M)  fll) 

Tlie  characteristic  flow  rate  function  ffl). 

fll)  =  J/Io  if  I  <  Io 

ffl)  =  1  if  I  >  Io 

I  being  the  characteristic  mass  flow  rate  I  =  (dm/dt)/  pSV 

lo  being  the  characteristic  mass  flow  rate  permitting  optimum  efficiency 

of  the  base-bleed  motor. 


Coefficient  CxpB, 

CxBb  is  the  drag  reduction  coefficient  (a  function  of  the  Mach  number) 
established  for  the  entire  firing  envelope,  for  a  given  munition  and 
equipment. 


for  Mi  <  M  <  Mj+i  CxBB  (M)  =  aot  +  an  M  +  a2i  M2  +  331  M3  +  a4t  M4 


5.2  Calculation  of  the  Mass  and  Combustion  Time 


Data. 

ms  =  standard  mass  of  the  complete  round 
riiQ  ~  mass  of  the  round  when  fired 

me  =  mass  of  standard  burnt  substances  (propellant,  etc...) 
iucbo  =  mass  of  propellant  burnt  in  the  barrel 


Calculation  of  the  mass  at  extinction  of  the  base-bleed  motor  :  m^BB 


niEBB  =  m0  -  me 


It  is  assumed  that  while  t  >  to  and  m  >  rr.EBB  the  base  bleed  phase  is  in 
progress. 


Calculation  of  mass  flow . 

In  this  phase,  the  mass  variation  law  is  given  by  : 
dm/dt  =  -K.VC  (M.  I,  P,  ep.  ...).pp.Sc  (mCB) 

where  K  is  the  adaptation  parameter  enabling  the  base-bleed  time  to  be 
found 

Vc  is  combustion  rate 
Pp  is  propellant  density 

Sc  is  the  area  of  combustion  as  a  function  of  burnt  propellant 
mass  ,  mcB  ' 

Sc  «  ai  +  b{.mcB  for  mCB  i  <  mCB  <  niCB  i+i 
At  any  given  time,  the  mass  of  burnt  propellant  is  : 
mCB  (t)  =  m0  -  m(t) 

where  mo  is  the  mass  of  the  round  when  fired 
m(t)  is  the  mass  of  the  round  at  time  t 

and  we  know  that  at  initial  time  i.e.  t  =  0,  m(0)  =  mo  -  mcBO 

where  me  bo  Is  the  burnt  propellant  mass  in  the  barrel  and  depends  on 

the  charge. 


Calculation  of  the  combustion  rate . 

The  combustion  rate  is  expressed  as  : 

VC  =  VC0  •  fOpl.gfP) 

where  Vco  Is  the  combustion  rate  obtained  on  the  stand-burner 
0p  is  the  propellant  temperature 

f(0p)  =  ao  +  ajOj,  +  a20p'^  +  BaOp  5 
P  is  the  upstream  ressure 


6.  CONCLUSION 


These  test  campain  results  have  pointed  out  that  one  can  consider  that 
upstream  pressure  and  propellant  temperature  are  the  only  parameters 
which  affect  the  mass  flow  rate. 

By  another  way,  as  long  as  characteristic  mass  flow  rate  is  greater  than  an 
optimal  value,  drag  reduction  only  depends  on  Mach  number  and  is 
independant  of  propellant  temperature.  During  the  emptying  phase, 
characteristic  mass  flow  rate  becomes  lower  than  this  optimal  value.  The 
function  of  characteristic  mass  flow  rate  used  for  modelling  the  falling  off 
of  the  drag  reduction,  which  appears  during  this  phase  is  still  not 
completely  defined.  Nevertheless  comparisons  between  computed  and 
experimental  trajectories  and  burning  time  conducted  up  to  now  are  very 
satisfactory. 
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INTRODUCTION 

Basebleed  projectiles  become  widely  used  as  an  efficient  mean  of 
increasing  the  range  of  artillery  projectiles.  Tnerefore  there  is  a 
strong  need  for  a  trajectory  model  that  fits  into  existing  fire  control 
computers.  Such  a  model  should  avoid  additional  integration  variables 
which  would  lead  to  longer  calculation  times  and  should  fit  into 
existing  calculation  techniques  in  ordner  to  keep  software  mai ritai nance 
costs  down.  0ur'  artillery  fire  control  computer  uses  trajectory 
integration  within  a  mass  point  model  [1]. 


THEORY 

The  well  known  "Swedish  model"  for  basebleed  calculation,  see  eg.  [2] 
uses  a  representation  of  the  effective  drag  in  the  form 

^eff  '  f*C°base  f  Strict  *-  Cd^ronj.  (1) 

where  tiu  ag  reduction  factor  depends  on  the  mass  flow  1,  the  Mach 
number  M,  arid  projectile  related  geometrical  data  A.  It  is  factorized 
i  nto 

f  (  I ,  M ,  A. )  --  f  1  ( I  )*f  2(M)*f  3(  I ,  M,  A)  (2) 

The  mass  flow  depends  on  the  burning  law  of  the  basebleed  propellant 
and  therefore  on  the  chamber  pressure  which  may  be  related  to  the 
ambient  base  pressure.  Furthermore,  the  burning  characteristics  may 
be  affected  by  the  spin  rate.  Hence,  mass  flow  calculation  is  rather 
comp I i rated . 


Bui,  if  a  suitable  initial  guess  of  the  burring  time  is  available 
-  depending  on  muzzle  velocity,  ambient  atmospheric  conditions  and 
propellant  temperature,  fl  and  f3  in  formula  (2)  may  be  expressed  as 
functions  of  time  instead  as  funktions  of  mass  flow.  Moreover,  with 


g  -  (f'*Cdpaj;e  +  Cdfr-jct  +  Cdf ront ^^^tot  «■  ^ 

the  total  drag  Cd  may  be  used  as  a  reference  to  the  drag  reduction 
factor . 


Cdeff  ~  9 ( A ) *^tot 


(4) 


Such  a  representati on  would  conveni antly  f i t  into  present 
calculation  of  existing  fire  control  computers.  However, 
f actor i sati on  of  f  in  (2)  will  not  apply  to  g  in  (4).  We 
fore  to  look  for  an  alternative  form. 
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DAfA  COLLECTION 

In  order  to  get  data  samples  covering  a  wide  range  of  parameters,  a 
test  plan  was  set  up  covering  firings  from  low  zones  (380  m/s)  to 
high  zones  (915  m/s),  elevations  from  200  mils  to  1100  mils.  The 
purpose  of  using  high  elevations  in  the  upper  register  was  to  expose 
the  active  projectile  to  low  ambient  pressure  conditions  which  would 
influence  the  burning  rate  and  burning  time. 
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fig  I:  summary  of  the  mam 
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Unf ortunat 1 y ,  low  atmospheric  pressure  and  high  Mach  numbers  tend  to 
be  correlated,  so  that  the  separation  of  Mach  number  and  atmospheric 
effects  will  be  difficult.  Variation  of  the  mass  flow  parameter  was 
also  achieved  by  using  rounds  conditioned  at  low  or  high  temperatures. 

Inert  shells,  i.e.  shells  with  inactive  basebleed  units,  were  used  for 
reference  purpose,  so  that  the  effectivness  of  the  drag  reduction  could 
be  observed  in  a  direct  comparison  under  the  same  conditions.  Due  to 
test  site  range  restrictions,  this  direct  comparison  was  not  always 
possible,  since  not  al,,uys  two  different  target  areas  were  available 
at  the  same  time  which  would  have  been  required  for  vi rings  with  both 
orojecti les. 

A  non-tracking  Doppler  radar  was  used  to  get  the  velocity  data,  Met 
data  was  collected  by  standard  met  sonde  technique. 


DATA  REDUCTION 

The  drag  coefficient  was  calculated  from  the  doppler  radar  data  using 
a  point  mass  model.  It  is  not  necessary  to  calculate  with  decreasing 
mass,  the  aerobal 1 istic  effect  of  the  mass  decrease  can  be  incorporated 
in  the  efficiency  factor  g.  fig  2  shows  drag  data. 


f 1 3.  ■  measured  drag  data  from  basebleed  projectiles 

■  the  next  step,  the  •'  a  g  reduct,  ion  f  actor  ir  derives  as  ratio  of 
y  C  d  a  r  t  i  V  e  c  d  1  n  a  1 1 1  v  e  -  $  »•  t*  I'd  1  ■ 


fig  3:  drag  reduction  factor  as  a  function  of  time,  for  various  Mach 
numbers. 

For  the  interpretation  of  the  data,  burnout  time  ist  very  important. 
Optical  observation  of  burnout  time  turned  out  to  be  rather  erratic. 
A  still  active  unit  may  have  no  optical  signature  and,  on  the  ocher 
hand,  ineffective  burnout  of  remaining  prop  pliant  may  be  clearly 
visible.  Therefore  we  decided  to  define  the  burnout  time  as  the  end 
of  eft  if  isncy,  measured  by  the  doppler  radar. 


Now,  having  the  burnout  tune  tg  or  a  suitable  guess  of  it,  we  are  able 
to  rearrange  the  drag  reduction  data  as  a  function  of  the  relative 
burning  time  t/f[}.  This  procedure  eliminates  the  variation  of  burnout 
time  due  to  the  various  influencing  factors,  such  as  high  propellant 
temperature  and  high  spin  rate  which  result  in  an  increase  of  the 
burning  rate,  and  therefore  in  a  decrease  of  the  burning  time.  Fig  4 
shows  the  result  of  this  reduction  step. 
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9  _i:  drag  reduction  factor  vs  relative  burning  time  t./t 
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Obviously,  the  main  effect  -  the  effect  originating  from  the  mass 
flow  -  has  been  eliminated.  The  effectiveness,  i.e.  the  drag  reduction 
factor,  of  a  well  designed  basebleed  unit  is  not  very  sensitive  to 
variations  in  the  mass  flow.  It  has  to  be  outlined,  that  fig  4  contains 
also  measurements  on  high  and  low  temperature  conditioned  projectiles, 
for  which  the  burning  time  varies  more  than  ten  percent.  The  mass  flow  will 
change  by  approximately  the  same  amount,  but  the  effectiveness  varies 
by  far  less  than  ten  percent. 

Remember  that,  because  of  the  useage  of  the  total  drag  as  a  reference 
(4),  combined  effects  of  mass  flow  and  Mach  number  have  to  be  expected. 

It  becomes  now  difficult  to  identify  these  remaining  effects.  Higher 
spin  rates  result  in  higher  burning  rates.  Therefore  both  Mach  number 
and  mass  flow  correlate  with  high  muzzle  velocities.  Separating  the 
drag  reduction  factor  curves  for  different  zones  gives  a  separation 
of  Mach  number  and  mass  flow  parameter  simultaneously.  The  resulting 
drag  reduction  curves  separated  for  zones  8  and  10  are  shown  in 
fig  5-6. 
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fig  5:  drag  red  for  zone  8 


fig  6:  drag  red  for  zone  10 
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BURNING  TIME 

Up  to  now,  an  empirical  formula  based  on  test  firing  data  is  used,  a 
function  of  muzzle  velocity  and  elevation  angle.  Simple  approaches  of 
correlating  burning  time  with  free  air  trajectory  data  were  not 
successful . 

Firing  tests,  where  base  pressure  and  basebleed  unit  chamber  pressure 
are  to  be  recorded  in  flight,  are  in  preparation. 

ACCURACY  OF  THE  MODEL 

Errors  in  the  burning  time  (as  a  result  of  a  bad  guess  or  an 
i nappropri ate  formula)  will  result  in  a  range  error  and  a  time-of-f light 
error.  It  has  been  calculated,  that  a  ten  percent  error  in  burning  time, 
using  unaltered  drag  reduction  data  results  at  zone  8  only  in  a  200  meters 
range  error.  Hence,  fortunately,  the  problem  of  burnout  time  is  not  that 
del i cate. 

The  drag  reduction  curves  of  fig  5-6  show  some  bandwidth.  To  get  a 
feeling  for  the  yet  remaining  error,  we  performed  calculations  with  the 
lower  and  upper  enveloppes  of  these  figures  instead  of  the  mean  curve, 
of  fig  7.  This  is  a  worst  case  assumption,  since  no  actual  curve  is 
lowest  or  highest  over  the  whole  domain. 
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The  following  table  shows  the  results  of  this  calculation  for  an 
example  with  zone  8.  the  actual  firing  distance  was  21.9  km,  the 
basebleed  unit  burning  time  was  21.7  secs. 

Basis:  actual  firing.  range  error  i  i'  error 


mean  drag  reduction  curve  -  66  m  -  .42  s 

lower  drag  reduction  curve  +218  m  +  .07  s 

Basebleed  projectiles  are  tactically  used  only  over  a  limited 
spectrum  of  the  possible  parameters,  they  are  used  nreferrably  with 
high  zones  at  long  ranges.  Therefore  usual  fittiig  techn  irpies  with 
heavy  weights  on  high  zones  and  long  ranges  are  ipplicabn:  and  will 
further  improve  the  accuracy  of  the  calculation. 

CONCLUSIONS 

It  was  proven  that  with  sufficient  accuracy  a  simple  extension  of  the 
standard  integration  formula  does  the  job  o:  trajectory  calculation 
for  the  purpose  of  fire  control.  Further  work  has  to  be  done, 
especially  in  the  field  of  predicting  the  burnout  time. 
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INTRODUCTION 

Over  the  past  four  decades  there  have  appeared  spurts  of  interest  in  the 
use  of  combustion  or  mass  addition  either  from  the  side  or  from  the  base  of 
a  projectile  in  supersonic  flight.  The  purpose  has  been  for  generation  of 
control  forces  or  thrust  (drag  reduction)  for  these  projectiles  or  mis¬ 
siles.  A  brief  list  of  references  (not  exhaustive)  illustrating  the  chro¬ 
nology  is  given  as  Refs.  1-7.  This  symposium  represents  a  new  phase  of 
interest  in  trie  problem,  but  is  specialized  to  the  use  of  base  bleed  for 
drag  reduction. 

7  ft 

Prior  work  at  this  laboratory  ’  has  focused  on  experiments  in  base  bleed 
for  base  drag  reduction  (or  elimination)  using  various  injectants.  with 
hydrogen  as  the  combustible.  Tha  experiments  were  limited  to  a  facility  of 
fixed  Mach  number  of  3,  but  sufficient  variables  were  changed  to  provide 
much  physical  insight  into  the  problem.  In  particular,  this  paper  will 
focus  on  the  advantages  of  using  a  hot  fuel  rich  bleed  gas  as  the 
injectant,  as  opposed  to  either  a  pure  cold  fuel  or  inert  hot  gas. 

FACILITY 

The  facility  used  was  a  blowdown  windtunnel  designed  to  simulate  the  base 
flow  for  a  bluff-base,  axisymmetric  projectile  with  a  fineness  ratio  of 
about  6.  The  Mach  number  was  3  at  the  projectile  tailplane.  Test  section 
details  are  shown  in  Fig.  1. 


r-SUPPORT  STRUT  (4) 


r  - 


V 


r  NOZZLE  (30*  CONVERGENCE) 
ACCESS  P0RTS{8)  £IM£N§IQN£_JN_£M_ 


rA‘ 

r 

„  / 

j~  35. 1 

- 2( .  6 - H 

>  \ 

777777/h=r. 

m  2-86-n 

Z2  h>7^?5Z2ZZZ^rT-g 


■'M*  3.02_ 


T 


15.4 


T*  1 

\  v  \A  *  / 

\  \  £_1j  / 


V-MODEL  SUPPORT 
SECTION 

FLOW  CONDITIONING 
SECTION 


MACH  WAVE 
POROUS  BASE  PLATE 
PROBE  SUPPORT  SECTION 


Figure  1.  Base  burning  test  section  schematic 

The  windtunnel  characteristics  are  described  in  Table  1. 

Table  1.  Wintunnel  characteristics 


Mach  number  at  base  tailplane 
Stagnation  pressure 

Stagnation  temperature  (drifts  during  run) 
Reynolds  number  based  on  base  diameter 
Boundary  layer  momentum  thickness  at  tailplane 
Centerbody  base  diameter  (D) 

Tunnel  area  at  base  plane 
Maximum  run  time 
Test  section  static  pressure 
Test  section  static  temperature 
Mass  flow  rate 


3.02 
9.3  x 


io- 


250-280  K 
3  x  ID6 
0.67%  D 


5.72  cm 
161  crn 


5  rnin 
24600  Pa 
100  K 
0.82  kg/s 


Pa 


The  hollow  cylindrical  model  extends  through  the  windtunne'l  nozzle  and  is 
supported  by  four  streamlined  struts  in  the  upstream  portin’  of  the 
windtunnel  where  the  Mach  number  is  0.07.  Gases  for  base  injection  and 
instrumentation  leads  were  ducted  through  the  support  struts. 

Two  base  configurations  were  used.  The  plane  base  shown  in  Fig.  1  is  a 
plane  sintered  metal  base  plate.  This  plate  was  used  for  base  bleed  with 
hydrogen  injection  with  diluents  of  He,  C0?  and  H~.  The  second  base  config¬ 
uration  is  shown  in  Fig.  2.  This  was  used  for  tffie  combined  preburning  of 
pure  oxygen  with  diluted  hydrogen  before  injection  into  the  wake. 
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Figure  2.  Base  configuration  for  preburning 


Ignition  for  all  cases  was  obtained  by  igniting  a  solid  proDellant  consum¬ 
able  igniter  sting  as  shown  in  Fig.  2.  Base  pressure  was  measured  as  the 
average  of  four  or  five  base  pressure  static  taps  d  'lied  through  the  plate 
nearest  the  base.  In  all  uses  the  injectart  momentum  Tlux  was  less  than  5% 
of  the  base  force  rise  achieved,  assuring  a  base  bleed  situation  as  opposed 
to  a  thrusting  system  with  the  addition  of  base  bleed. 


PHYSICAL  INTERPRETATION 

From  a  variety  of  sources  ,  both,  theoretical  and  experimental,  the  mean 
flow  field  may  be  expected  to  look  as  depicted  in  Fig.  3.  There  are  many 
ways  to  physically  reason  whac  may  be  expected  with  injection  and  base 
burning.  The  author  prefers,  for  simplicity,  arguments  based  upon  injection 
effects  on  the  streamline  passing  through  the  rear  stagnation  point.  This 
streamline  must,  by  definition,  stagnate,  so  the  static  pressure  plus  the 
dynamic  head  govern  this  process.  If  the  Mach  number  is  reduced  on  this 
streamline,  the  stagnation  pressure  falls  so  the  static  pressure  must  rise. 
This  results  in  a  base  pressure  rise.  The  Mach  number  in  combusting  flows 
is  primarily  determined  by  the  speed  of  sound  because  flow  speeds  are 
mainly  set  by  the  freestream  speed.  Since  the  dominant  species 


in  the  flow  is  mass  diluent  effects  of  various  molecular  weights  will 
only  have  a  weak  effect  on  the  stagnation  pressure.  Consequently,  combus¬ 
tion  heating  is  the  dominant  cause  of  base  pressure  changes. 
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Figure  3.  Presumed  flow  model  for  base  burning 


Another  source  of  heating  of  the  subject  streamline  would  be  the  injection 
of  hot  gas,  and  this  is  what  is  accomplished  in  the  preburning  case. 
Control  of  the  injectant  temperature,  however,  alters  the  entire  shape  of 
the  flow  field  and  it  is  not  clear  what  the  optimum  (if  any)  mix  would  be 
when  considering  an  H^/0.,  ratio  of  injectants. 

In  consideration  of  the  results  below,  there  are  two  performance  parameters 
of  paramount  interest.  These  are  the  base  pressure,  P,  ,  rise  with  injec¬ 
tion.  The  no-injection  base  pressure  will  be  denoted  P.  ,  and  the 
freestream  static  pressure  at  the  tailplane  will  be  denoted  p°  The  rele¬ 
vant  force  change  on  the  base  is  then  (Ph"Pbo^Ab’  where  Ab  ’s  the  base 
area.  The  overall  mass  injectant  rate  is  that  8?  +  0,,  +  diiuent,  denoted 
m.  The  effective  specific  impulse  is  then 


sp 


=  <Pb  - 


Pbo> 


Ab/m 


In  order  to  facilitate  comparison  of  various  injectants  it  is  also  useful 
to  quote  the  effective  heating  value  of  the  fuel  plus  diluent  combination. 
Pure  hydrogen  has  a  value  of  1.Z1  x  10s  J/g  and  a  typical  hydrocarbon  has 
values  in  the  range  2  -  2.5  x  1(T  J/g. 


One  final  parameter  used  to  characterize  the  injectant  rate  is  the  injec¬ 
tion  parameter  I,  defined  as  the  ratio  of  mass  injection  rate  to  the 
"capture"  mass  flow  rate  of  the  free  stream,  p.  A^,  where  is  the 
freestream  density  and  Vj  the  freestream  velocity .For  base  bleeo  situa¬ 
tions  I  is  always  a  very  low  number  compared  with  unity. 


RESULTS 


Shown  first  are  the  results  of  pure  and  diluted  hydrogen,  using  the  base 
plate  of  Fig.  1.  In  Fig.  4  the  Isp  is  based  upon  the  flow  rate  of  hydrogen 
alone,  regardless  of  the  diluent.  Where  diluent  was  used,  the  amount  was 
chosen  to  bring  the  effective  heatino  value  of  the  mixture  to  values  which 


would  be  practical  for  a  fuel  rich  gas  generator.  The  reason  for  presenting 
the  results  on  the  basis  of  the  l-L  flow  rate  alone  are  to  emphasize  the 
main  results  of  Fig.  4  that  the  diluent  makes  little  difference.  The  basic 
performance  depends  only  upon  the  amount  of  fuel  poured  into  the  base 
region  (the  heat  dump  into  the  wake).  This  result  has  been  qualitatively 
argued  above. 


figure  4.  Base  burning  results  with  diluted  arid  undiluted  hydrogen 


An  interesting  presentation  of  results  occurs  when  the  specific  impulse  is 
plotted  as  a  function  of  the  relative  base  drag  reduction,  as  shown  in  Fig. 
5.  Here  the  true  1  is  shown  on  the  ordinate,  but  sealed  by  the  effective 
fuel  heating  value.spFor  pure  H„  injection  the  solid  straight  line  results, 
which  remains,  within  experimental  scatter,  a  straight  line  even  with 
diluent.  Two  major  points  here  are  (1)  impressive  1  results  may  be 
attained  at  base  pressure  reduction  values  as  high  ass§0%,  but  (2)  with 
this  injection  method  100%  base  drag  elimination  cannot  be  achieved. 
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Figure  5.  Scaled  specific  impulse  against  base  drag  reduction 

The  preburner  conf iguration  of  Fig.  2  was  first  tested  without  injection 
and  with  pure  hydrogen  injection  to  assure  results  compatible  with  the  Fig. 
1  injector  at  the  tailplane.  Base  pressure  results  differed  by  only  1%, 
which  was  within  experimental  scatter.  Moreover,  with  pure  burning,  the 
results  for  the  preburner  conf iguration  did  not  differ  f rom  those  Fig, 
4. 

figure  6  shows  the  effect  of  hydrogen  injection  rate  with  various  value;  of 
0,  +  N?  maintaining  a  relatively  constant  0.,  +  N0  mass  flow  'die.  For 
comparison  the  base  pressure  results  of  Fig.  4tare  a*tso  plotted  on  Fig  6. 
The  rather  startling  result  is  that  performance  is  strongly  improved  with 
preburn i ng . 
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Figure  6.  The  effect  of  preburning  on  base  pressure  reduction 


The  net  performance  gains  attainable  by  preburning  are  shown  in  scaled  I 
vs  ase  drag  reduction  in  Fig.  7.  The  dashed  line  represents  an  envelope 
upper  limit  performance  attainable  Impressive  values  of  I  are  attainable 
with  nearly  100%  base  drag  elimination.  It  was  also  checklfi  that  no  effect 
of  inert  diluent  appeared  when  the  H2/02  ratio  was  held  fixed. 
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Figure  7.  Preburning  and  pure  injection  results  compared 


It  is  unclear  from  a  physical  viewpoint  and  without  a  theoretical  model  why 
preburning  causes  such  a  large  performance  increase,  as  compared  with  pure 
or  diluted  hydrogen  injection.  Nevertheless,  the  performance  gain  is 
impressive  and  makes  base  bleed  an  extremely  attractive  propulsive  device. 

CONCLUSION 

Pure  base  burning  performance  with  hydrogen  fuel  is  determined  by  the 
hydrogen  flow  rate  and  is  therefore  dependent  upon  only  the  heat  dump  rate 
into  the  wake,  independent  of  the  diluent  used.  This  has  the  consequence 
that  the  specific  impulse  for  pure  tfese  burning  (no  preburning)  is 
directly  proportional  to  the  heating  value  of  the  injectant. 

Combined  preburning  and  base  burning  yields  considerably  higher  performance 
than  with  pure  base  burning  of  a  cold  injectant.  Impressive  performance 
values  are  attainable.  For  example,  90%  of  the  base  drag  can  be  eliminated 
with  a  specific  impulse  greater  than  1000  using  an  effective  fuel  heating 
value  of  20,000  J/g. 
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INTRODUCTION 

Hie  total  drag  of  an  artillery  shell  consists  of  several 
contributions,  for  example  wave  drag,  friction  drag,  drag  due 
to  lift  and  base  drag.  The  part  of  base  drag  can  add  up  to  75  * 
of  the  total  drag  of  the  projectile.  Figure  1  shows  the 
comparison  of  the  total  drag  curve  with  the  curve  of  base  drag 
as  function  of  Mach-number  for  the  RH  49-BB  round  without  base 
burning.  This  shows  that  one  possibility  to  achieve  extended 
ranges  for  fielded  155  mm  gun  systems  is  the  reduction  of  base 
drag  (ref.  1).  At  Rheinmetall  the  theoretical  basis  of  the  Base 
Bleed  Effect  (ref.  2  +  3)  was  elaborated  and  the  projectile  RH 
49-BB  was  developed  in  the  last  years.  As  a  result  of  the 
theoretical  work  a  simple  engineer  mg- type  model  for  base-bleed 
calculations  was  developed.  Another  similar  model  is  known 
(ref.  4)  which  is  more  specialized  and  bases  much  more  on  a 
great  number  of  wind  tunnel  measurements. 

Next  the  base-bleed  simulation  is  described.  Afterwards  the 
construction  and  firing  results  of  the  RH  49-BB  projectile  are 
presented.  Finally  the  methods  of  trajectory  calculation  are 
mentioned. 


BASE  BLEED  SIMULATION 

The  supersonic  flow  around  the  base  of  an  arti 1  lery  projectile 
is  rather  complicated.  The  reason  for  the  great  base  drag  is 
the  low  base  pressure.  The  base  drag  is  reduced  strongly,  if  a 
small  amount  of  gas  is  blown  into  the  afterbody  wake.  The  gas 
is  produced  by  a  pyrotechnics!  unit  placed  in  the  bottom  of  the 
projectile  (Base-Bleed-Effect).  With  fho  definition  of  a 
dimensionless  gas  flow  r*ate. 
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it  is  possible  to  draw  the  base  pressure  as  a  function  of  mass 
flow  through  a  nozzle  in  the  bottom  of'  the  round  (Fig  2).  Only 
the  first  part  of  this  curve  up  to  the  max  mm  of  base 
pressure  (i.  e.  mimmun  of  base  drag)  is  important  for  the 
Base-Bleed-Effect.  In  this  region  where  the  mass  flow  rates  are 
in  the  order  of  a  few  percent,  the  base  burn  units  work. 


The  Rheinmetall  simulation  of  the  Base-Bleed-Effect  is  based  on 
the  theory  of  the  outlet  of  a  jet  of  gas  from  a  reservoir  and 
the  stream  tube  theory.  Figure  3  shows  schematic 1y  the  flow 
around  the  base  of  a  boat  tail  of  a  artillery  shell  with 
base-bleed. 

Using  these  theories  it  is  possible  to  deduce  the  following 
system  of  equations,  describing  mass  flow  I,  dead  air  angle  d, 
base  pressure  ratio  pg  /  Poo  ,  length  of  dead  air  region  1  : 
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-  Pa  Mw  r 

Pop  M<*  JT 


a <*>  l a  r  -T 

^  fiES  V  2 
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Pa  .  (  lr  ( y-1)  My  \ 

Pep  \  2*  Cir-Wz*  / 

l  --  _  cot  (3) 


(  2  ) 

(  3  ) 

(  4  ) 

(  5  ) 


Input  data  are  the  adiabatic  exponents  if"  and  P  ,  the  geometric 
data  dr^f ,  and  dg,  the  sound  velocities  a  <*>  and  a^es  the 
boat  tail  angle  (3  .  The  Mach-number  M-)  follows  from 

=  o  CmJ  -  N?  CM*)  (  6  ) 

o (M)  is  the  Prandtl-Meyer-Funktion.  &  can  be  calculated  by  the 
equations: 


cf 
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(  P  -  1  ) 
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(  7  ) 


The  gas  flow  rate  is  given  by  the  burning  law  of  the  Base-Bleed 
grain.  We  assume  the  following  burning  law  for  the  oimu lotion. 
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-C  PRef 
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(  8  ) 
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T 
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S  pp  is  the  constant  density  of  the  base-bleed  grain.  The 
burning  surface  Fpp  depends  on  the  geometry  of  the  base-bleed 
unit  and  the  burning  rate. 

The  solution  of  this  system  of  equation  gives  the  change  in 
base  pressure  and  so  also  change  of  base  drag  by  base  burning. 
The  connection  of  this  simulation  to  a  ballistic  flight 
prograrrme  makes  it  possible  to  calculate  the  trajectories  of 
base-bleed  projectiles. 


PROJECTILE  RH  49-BB 

The  155  rrm  RH  49-BB  is  a  long  range  projectile  with  bomblet 
submum t ion.  The  round  is  effective  against  semi  hard  targets 
at  ranges  up  to  31  km  fired  with  the  field  howitzer  FH  70  or  38 
km  fired  with  52  caliber  extended  range  ordnance.  The  shell 
carries  49  grenades  of  the  type  RH  II  with  self-destruction 
device.  Figure  4  shows  the  construction  of  our  projectile.  The 
main  parts  are  the  one-piece  shell,  the  bottom  with  the 
base-bleed  motor,  the  49  grenades,  the  expulsion  charge  and  the 
mechanical  time  fuze.  The  base-bleed  grain  is  shown  in  Figure 
5.  A  sunrary  of  the  technical  character i sties  of  the  RH  49 
base-bleed  projectile  is  given  in  table  1. 

TABLE  1.  Technical  character istics  of  RH  49  Base-Bleed 


Weight 

Muzzle  velocities 

44.6 

kg 

Charge  8:  L10A1 

823 

m/s 

Charge  7:  L  8A1 

678 

m/s 

Center  of  gravity 

319 

rrm 

Axial  moment  of  inertia 
Transverse  moment  of 

0. 15 

kg  m2 

inertia 

1.80 

kg  m2 

Reference  diamt  er 

154.7 

run 

Base  diameter 

146.2 

rrm 

Diameter  of  base  orifice 
Burning  low  of  propellant 

43.5 

nrm 

C  - 

1  .4 

mm/ sec 

M  = 

0.31 

g/cm3 

Density  of  propellant 

1.37 

Weight  of  BB  grain 

1  .45 

kg 

FIRING  RESULTS 

The  firing  results  obtained  over  the  last  years  have 
demonstrated  that  the  maximum  range  of  the  RH  49-BB  projectile 
is  greater  than  30  km  with  a  muzzle  velocity  of  823  m/s.  The 
probable  errors  are  PEr  <  0.3  %  and  PEq  <  1  mil.  Compared  with 
the  inert  projectile  the  base  burning  produces  increasing 
ranges  of  19  -  26  %  depending  on  muzzle  velocity  and  elevation. 
Thus  the  base-bleed  motor  causes  a  decrease  of  base  drag  of 
about  60  -  80  %. 

The  burning  time  was  measured  stauicly  and  in  flight  by  optical 
and  radar  methods.  The  static  burning  time  is  26  s  at  a 
temperature  of  21°  C.  Depending  on  the  trajectory  the  burning 
time  increases  up  to  36  s.  The  static  burning  rate  is  1,4 
mm/ sec.  At.  grain  temperature  of  -  32  °C  the  burning  rate 
decreases  4  %,  at  52°  C  the  burning  rate  increases  8  %.  From 
these  experimental  data,  it  is  possible  to  determine  the 
coefficients  of  the  burning  law:  C  =  1,4  rrm/sec,  /*.  =  0,31. 

From  radar  measurements  the  drag  coefficient  Cq  was  calculated 
as  a  function  of  Mach-number  for  the  inert  projectile  and  for 
the  base-burning  phase.  These  curves  are  shown  in  Figure  6.  The 
value  of  Cq  during  base-burning  is  nearly  constant  (Cq  =  0,18). 
The  curve  deduced  from  radar  measurement  is  compared  with 
results  of  the  base-bleed  simulation.  The  Cq  curve  of  the  inert 
projectile  has  the  typical  shape  of  a  modern  artillery  shell. 
After  burn-out  the  Cq-  value  jumbs  from  the  base-burning-curve 
to  the  inert  curve.  The  Mach-number  related  to  this  jump 
depends  on  the  firing  conditions. 


SIMULATION  OF  TRAJECTORIES 

The  simulation  programme  of  the  base-bleed  effect  was  linked  to 
a  two-degrees-of -freedom  trajectory  model.  The  given  base  drag 
of  the  inert  projectile,  which  comes  from  empirical  equations 
or  from  tables  like  DATCOM  (Ref.  5),  is  corrected  in  the 
described  way.  So  the  drag  can  be  written. 

D  -  ^  (ce  CS  -  Cj  f.c,)  (10! 

kJ  m 

with 

Cq  -  drag  coefficient  of  the  inert  projectile, 
function  of  Mach-number 


Ballistic  coefficient  of  the  inert  projectile, 
function  of  muzzle  velocity  cind  elevation 

Coefficient  of  base  drag  reduction 


CB 


%  - 

Cg’  -  Additional  ballistic  coefficient  of  the  base  burning 
phase,  function  of  muzzle  velocity  and  elevation 

The  base  drag  reduction  is  calculated  by  the  base-bleed 
simulation.  The  ballistic  coefficients  are  used  to  fit  the 
calculations  to  the  firing  results.  To  reduce  the  time  of 
calculations  we  use  the  results  of  the  flight  simulation  with 
base-bleed  as  imput  data  for  a  simpler  two-degrees-of-freedom 
trajectory  programme  with  change  of  the  Cg-curve  and  ballistic 
coefficient  without  gasdynamic  base-bleed  simulation. 

The  drags  of  the  base-burning  phase  and  the  phase  after 
burn-out  can  be  written 


_  j!~~Poo  Vd>  d  ref  r  r 

A  ~  ™ 


tn  _  Voo  dref  r  r 

-  c.  c. 


'B  J) 


during  base-burning  (11) 


after  burn-out  (12) 


Cgg  -  ballistic  coefficient  during  base-burning, 
function  of  muzzle  velocity  and  elevation 

Cpg  -  drag  coefficient  of  the  base  bleeding  projectile, 
constant  value  of  0,18 

This  programme  allows  very  fast  calculations  of  trajectories  of 
the  RH  49-BB  round.  The  results  of  these  calculations  are 
presented  in  Figure  7-9.  In  figure  9  the  velocities  of  the 
inert  and  base-burning  (burning  time  36  s)  projectile  as  a 
function  of  time  of  flight  for  maximum  range  are  shown. 


FINAL  REMARKS 

The  long  range  155  rrm  projectile  RH  49-Base  Bleed  with  bomb  let 
submunition  is  presented.  With  the  help  of  a  s i m<  ie  theoretical 
model  for  calculating  base  bleed  character i sties  methods  for 
range  calculation  during  development  are  explained.  In  the  next 
future  calculations  with  the  modified  point  mass  trajectory 
(ref.  6)  model  are  planned. 
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FIGURE  1  Comparison  of  total  drag  and  base  drag  of  RH  49-BB 
without  Base-burning. 
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FIGURE  2  Base-Bleed  character istics 


FIGURE  5  RH  49-BB  -  Base-Bleed-Gram 


0.34  , 


0.30  j 

I 


0.26 


-]  0  7? 


0  18 


0 


14 


BB  inert 


1 

Much  number 


t-  I'Fh.  tfVE  b  RH  49-BB  -  Base  drag  vs.  flight  Mach  number 


c* 

i 

x  *000 


Charge  7  L8  A1 


/  /’ 


nor  ■  //,' 

... 


K  \ 


- - \  '  \  . 

^  ->*-.*  ft.  ,  ' 

c  *000  8000  12000  1*000  20000  2*00 

Range  (m) 

FIGURE  7  rh  49-88  -  Calculated  trajectories  for  change  7 
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A  STUDY  OF  DRAG  REDUCTION  BY  BASE  BLEED  AT 


SUBSONIC  SPEEDS 

Ding  Zeshong,  Liu  Ynfei  &  Chen  Shaosong 
East  China  Inst,  of  Technology,  CHINA. 


1.  INTRODUCTION 

Base  bleed  is  accepted  now  as  the  most  effective  technique  ror  reducing  drag.  Large  -  caliber, 
long  -  range  and  Low  -  drag  projectile  can  extend  its  range  by  h0%  and  the  gain  is 
quite  high.  At  present,  the  base  bleed  technique  is  mostly  uted  in  range  of  supersonic  speed. 
In  accordance  with  experimental  results  of  cold  air  bleed,  the  only  research  data  r  lj  about 
base  bleed  of  three  -  dimensional  body  under  subsonic  and  ransonic  speeds  predict  that  base 
drag  reduction  rate  by  base  bleed  is  very  low  in  the  speed  range. 

What's  the  base  bleed  rate  under  subsonic  and  transonic  speeds  then?  It  is  of  great  importance 
to  understand  the  problem  in  developing  base  bleed  technique  and  modifying  old  -  fashioned 
projectile  having  lower  initial  velocity. 

For  this  purpose,  a  wind  tunnel  test  is  carried  out  with  real  base  bleed  grain,  the  base  drag 
reduction  rate  by  base  bleed  is  obtained  under  subsonic  and  transonic  speeds  and  comparied 
with  results  of  cold  air  bleed. 


2.  EQUIPMENT,  MODEL  AND  TEST 


2.1  Equipment 

The  test  is  carried  out  in  base  bleed  wind  tunnel  HG  -  03  in  East  China  Institute  of  Technology. 
The  tunnel  is  an  open  -  jet  wind  tunnel  with  a  centre  -  body.  Mach  number  varies  from  0.6 
to  3,  and  the  circumstance  pressure  on  the  sea  surface  can  be  simulated. 

The  centre  ixxjy  is  supported  by  four  radial  struts  on  thr  stilling  chamber,  and  the  pressure 
-tube  is  protruded  from  the  wind  tunnel  through  them,  therefore  the  disturbance  of 
the  model  support  upon  the  base  flow  field  is  eliminated. 

The  quality  of  the  flow  field  is  high.  When  M^O.6^-0.8,  A Mmax  / Mcp<0.6%  ,  and  when 
0.98,  A  Mmax  /Mcp<l%  .  The  centre  -  body  nozzle  is  shown  in  Fig.!. 

2.2  Model 

In  this  test,  a  cylindrical  tail  model  is  used,  which  is  connected  with  centre  -  body  end.  Its 
diameter  is  0.034m.  The  ratio  of  the  bleed  hole  diameter  D  to  the  diameter  D  of  the  model 

base  is  Dj/D“0.5. 


2.3  Pressure  Measurement 

The  total  pressure  of  the  wind  tunnel,  the  static  pressure  of  tree -stream  and  the  base  pressure 
tire  measured  in  the  lest  The  transducer  of  lose  pressure  is  a  n  -  form  beam  strain  gage 


HGURE  1.  Centre  body  nozzle 


transducer,  its  measurement  range  is  ±9,8'.ON/m2. 
by  computer. 


All  the  data  are  acquired  and  reduced 


2.4  Rase  Bleed  Grain 

Three  types  of  base  bleed  grains  are  used  in  the  present  test,  the  burning  temperature 
of  number  1  grain  is  over  3,0000  and  that  of  number  2  and  3  grain  is  about  1,3000- 
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I  start  of  wmd  tunnel  2.  flow  steady  3  ignition 

■]  stable  burning  5,  stop  of  burning  6.  stop  of  the  tunnel 

HGURE  2.  Varied  curve  of  base  pressure  with  time 


TABLE  1.  Rc  Number  at  Each  Mach  Number 


I 

I 

fl 

i 

I 

I 

1 

1 

I 

H 

1 

I 

I 


I 

1 

I 


■ 

■ 


I 


M 

Re  (  X  107 )  /in 

0.59 

1.64 

0.71 

2.00 

0.82 

2.43 

0.98 

3.26 

2.5  A  Brief'  Account  of  Test 

The  tests  arc  carried  out  under  four  Mach  numbers,  i.  e.  M  =  0.59,  0.71,  0.82  and 

0.98. 

In  the  whole  process  of  blowing,  i.  c.  before,  durning  and  after  buring  of  the  grain,  the 
changes  of  model  base  pressure  arc  measured,  and  the  time  of  burning  is  recorded.  Finally, 
P  -  t  curve  is  obtained  which  is  shown  in  Fig.  2.  A!  er  processing,  the  variation  of 
base  drag  reduction  rate  with  injection  parameter  I  can  be  found.  Correspondence  of  M  with 
Rc  is  as  table  1. 

These  numbers  arc  far  beyond  the  critical  Re(6.5X106)  of  the  three-dimensional  boundary 
layer  transition,  for  the  practical  use  the  effect  of  Re  on  base  pressure  can  be 
neglected. 


1  RESULTS  AND  DISCUSSION 

The  experimental  data  under  different  Mach  numbers  are  processed  into  the  curves  denoting 
the  variation  of  base  drag  reduction  rate  ACdu/Cds  by  base  bleed  with  injection  parameter 
I  and  shown  in  Fig. 3-'- Fig. 6. 


FIGURE.  3.  Base  drag  reduction  rate  curve  by  base  blc  ;d  at  M— 0.59 


FIGURE  4.  Base  drag  reduction  rate  curve  by  base  bleed  at  M”  0.71 

It  can  be  seen  from  the  figures  above  that  under  subsonic  and  transonic  speeds,  the  whole 
changed  tendency  of  ACob/Cob  of  all  the  three  grains  is  identical.  It  is  characterized 
as  follows: 

(  l  )  Under  small  value  of  I,  ACob/Cob  is  increased  s  larply  as  I  increased. 

As  value  I  is  small,  the  velocity  and  momentum  of  base  bleed  are  small,  and  when  value 
I  is  increased,  the  mass  of  gas  entering  the  wake  region  ard  the  energy  released  by  burning 
in  a  unit  of  time  arc  quickly  increased  so  that  the  near  wake  region  is  greatly 
extended,  accompanying  considerable  rise  of  base  pressure  and  ACut/CDb. 
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FIGURE  5.  Base  diag  reduction  rate  curve  Oy  base  bleed  at  M=0.82 
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FIGURE  6.  Base  drag  reduction  rate  curve  by  base  bleed  at  M“  0.08 


(  2  )  As  value  1  is  greater,  the  rise  of  the  curves  is  gradually  flatlcned. 

With  a  greater  value  I,  the  mass  entering  the  wake  region  in  a  unit  of  time  is  larger,  and 
its  velocity  and  momentum  are  greater.  The  strong  bleed  momentum  may  destroy  the  structure 
of  the  base  recirculation  region,  reduce  the  base  pressure  and  cancel  the  profit  from 
the  increase  of  mass  and  energy,  so  that  it  makes  the  curve  changed  smoothly.  As 
value  I  is  even  much  greater,  the  increase  of  ACob/CDb  is  small. 

(  3  )  Under  different  Mach  numbers,  the  effect  of  number  1  grain's  reduction  drag 

is  the  best,  since  its  burning  temperature  >s  much  higher  than  that  of  number  2  and  number 

3  grains. 

(  4  )  In  the  range  M=  0. 59  —  0.82,  the  base  drag  reduction  rate  of  number  2  and  number 

3  grains  is  about  80%  ,  while  that  of  numoer  1  grain  is  as  high  as  100%  ,  i.  c.  the 

base  drag  is  completely  eliminated. 

FABLE  2,  The  Experiment  Results 
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FIGURE  7.  Variation  of  reduction  drag  efficiency  -  (  aCDbb/aI)  i  =  o  with  Mach  number 

The  experiments  arc  made  repeatedly  to  prove  the  reliability  of  the  above  -  mentioned  experimental 
results.  It  is  shown  that  under  above  three  Mach  numbers,  as  I  is  larger  than  a 
definitd  value,  the  value  of  ACob/Cob  of  most  experimental  points  is  slightly  higher  than 
1,  and  the  value  of  less  points  is  lower  than  1  but  higher  than  0.97.  (see  table  2). 

In  consideration  of  the  experimental  errors,  it  is  regarded  that  the  base  drag  reduction  rate 
by  base  bleed  of  number  1  grain  is  100%  .  th"  base  drag  can  be  completely  eliminated. 

In  accordance  with  base  bleed  cold  air  lest.  Bowman  and  Ciaydcn  derived  an  empirical  formula 
of  reduction  drag  by  base  bleed  with  the  use  of  propellant  as  a  fuel; 

Ciiiii,—  Cm.  c  1 1 

The  formula  was  widely  quoted.  These  experiments,  however,  show  that  it  is  not  in 
good  agreement  with  grain's  base  bleed  results.  The  main  difference  is  as  follows : 

(  1  )  Under  subsonic  and  transonic  speeds,  the  base  bleed  reduction  drag  rate  of 
solid  fuel  estimated  by  the  formula  is  much  lower  th  m  the  experimental  value.  See 
Fig. 7  -  Fig. 6.  In  the  range  of  M=  0.59  0.S2,  the  estimated  value  is  only  equivalent  to  1 
/  5  of  number  1  grain  and  1/4  of  number  2  and  3  grains. 

(2)  It  can  be  further  understood  from  Fig.  3-  Fig. 6  that  the  variations  of  real 
grains  base  drag  reduction  rate  by  base  bleed  with  injection  parameter  1  does  not  correspond 
with  the  index  relation  of  the  empirical  formula  by  Bowman  and  Ciaydcn.  After  the  value 
I  is  larger  than  0.007,  the  change  of  reduction  drag  rate  takes  place  slightly. 


Nevertheless,  according  to  the  estimation  by  dre  empirical  formula,  when  the  value  I  goes 
up  from  0.(X)7  to  0.012,  the  reduction  drag  rate  increases  almost  50%  . 

(  5  )  Under  subsonic  and  transonic  speeds,  the  variations  of  reduction  drag  rate  by 
real  grain's  burning  with  Mach  number  is  different  from  the  expected  by  reference111  . 

In  tliat  literature,  stands  for  reduction  drag  cffieioncy  by  ba.se  bleed.  According  to  the  experimental 
data  under  M“0.11,  0.64  and  supersonic  speeds,  the  cnterpolation  was  made  for  transonic 
speed,  and  the  experimental  results  of  tr.fnsonic  speed  by  Sykes  were  quoted.  See 
Fig. 7.  Under  subsonic  speeds,  -  (  oCnhs/al)  o  0  arc  contant  and  very  low.  Under  transonic 
and  row  supersonic  speeds,  it  goes  up  steeply,  and  its  maximum  is  reached  about 
2.5. 

But  the  present  experiments  of  real  base  bleed  grain  carried  out  in  wind  tunnel  show 
that  under  subsonic  and  transonic  speeds,  the  solid  fuel -rich  grain's  base  drag 
reduction  efficiency  by  base  bleed  is  very  high,  in  the  range  of  M  =  0.59  -0.82,  -  (  aCim 
/  a  I)  u  o  is  equivalent  to  the  data  with  M~2~2.5.  Therefore,  the  changing  tendency 
of  the  solid  fuel -rich  grain  reduction  drag  efficicny  by  base  bleed  is  high  -  low  -  high  when 
Mach  number  goes  up  from  subsonic,  transonic  to  low  supersonic. 

Preliminary  analysis  indicates  that  the  great  difffcrcncc  between  results  by  reference  r  11  and 
real  base  bleed  grain's  reduction  drag  efficiency  is  caused  by  the  fact  that  the  cold  and  hot 
air  experiments  made  by  Bowman  and  Qayden  didn't,  simulated  the  near  wake  burning  effect 
of  fuel -rich  products  in  the  wake  region  and  the  influence  of  different  release 
positions  of  enthalpy  value.  It  can  be  concluded  that  the  simulation  of  solid  fuel  base  bleed 
with  gas  (  cold  or  hot )  cannot  meet  the  needs  of  engineering. 


4.  SUMMARY 

The  present  study  uses  solid  fuel  -  rich  base  bleed  grain  to  do  the  experiment  of  the 

base  drag  reduction  rate  by  base  bleed  in  wind  tunnel  and  the  following  main  results  arc 

obtained : 

(  1  )  .  In  the  range  of  M=  0.6  -  0.8,  the  base  drag  redaction  rate  by  base  bleed  of  solid 

fuel  -  rich  grain  is  very  high.  Number  2  and  3  grains  can  reduce  base  drag  by  70- 

80%  ,  while  number  1  grain  can  completely  eliminate  the  base  drag.  It  is  worth  developing 
the  technigue  of  the  reduction  drag  by  base  bleed  in  the  range  of  subsonic  and 
transonic  speeds. 

(  2  )  .  In  the  range  of  subsonic,  transonic  and  low  supersonic  speeds,  the  variation  tendency 
of  grain's  reduction  drag  efficiency  with  Mach  number  is  as:  high  -  low  -  high.  Sharp  changes 
take  place  in  the  range  of  transonic  speeds. 

(  3 )  .  The  estimated  value  by  Bowman  and  Gaydcn  under  subsonic  and  transonic  speeds 
is  only  1/4-  1/5  Of  real  value  of  solid  fuel  -  rich  grain  and  so  it  is  not  applicable 
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ABSTRACT 


The  Swedish  Base-Bleed  system  was  invented  about  twenty  years 
ago.  During  the  research  leading  to  the  invention  and  during 
the  continued  development  a  number  of  different  methods  and 
experimental  procedures  for  testing  parts  as  well  as  the 
complete  system  have  been  developed. 

The  paper  describes  several  of  these  tests  in  relation  to  the 
functioning  and  the  design  of  the  system.  Examples  of  test 
results  and  advices  on  their  application  are  presented. 

The  first  part  describes  laboratory  methods  and  experimental 
facilities  for  testing  parts  such  as  propellant  grains, 
igniters  and  nozzle  systems  in  combustion  bombs,  spin  stand, 
soft  recovery  acceleration  facility  and  supersonic  wind 
tunnel  . 

The  second  part  treats  parts  and  complete  base-bleed  units 
functioning  and  performance  testing  by  means  of  gun  firing  in 
aeroballistic  range  and  in  actual  free  flight  trajectories. 


1.  INTRODUCTION 

Longer  range  and  greater  accuracy  are  constant  objectives  when 
new  ammunition  is  developed  or  existing  ammunition  modified. 
Several  methods  of  achieving  these  goals  may  be  applied.  Most 
methods  can  be  combined. 
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counts  for  a  substantial  part  of  the  total 
0  %  for  a  slender-nose  projectile.  Thus,  the 
reasing  the  afterbody  drag  is  apparent.  By 
ressu re- increasing  system,  such  as  base- 
ressure  can  be  increased  considerably  during 
of  the  flight  time.  This  also  affects  the 
the  projectile  afterbody. 


The  Swedish  Base-Bleed  System  v/as  invented  in  the  late 
1960-ies,  /l/.  Characterized  by  great  simplicity  and  very 
good  performance  when  correctly  designed  it  has  become  an 
internationally  adopted  prototype  for  most  later  designs. 

It  is  especially  advantageous  to  modern  low  drag  projectiles. 
During  the  research  leading  to  the  invention  and  during  the 
continued  development  a  number  of  different  methods  and 
experimental  procedures  for  testing  parts  as  well  as  the 
complete  system  have  been  developed.  Since  these  methods  and 
procedures  are  strongly  related  to  the  design  and  functioning 
of  the  system  a  short  resume  of  the  fundamentals  might  be  of 
value.  Phenomena  to  which  the  system  is  subjected  and  which 
give  rise  to  testing  will  be  pointed  out. 


Environmental  tests,  such  as  drop  tests,  vibration  tests, 
temperature  cycling  and  performance  over  specified  tempera¬ 
ture  and  humidity  ranges,  are  carried  out  in  accordance  to 
actual  regulations  for  conventional  ammunition. 


Several  aging  tests  are  performed  of  the  base-bleed  propel¬ 
lant  grain  and  igniter  as  well  as  of  mechanical  parts  of  the 
base-bleed  unit  such  as  sealings.  Aging  tests  of  complete 
units  are  also  performed.  Ultimate  tests  are  gun  firings. 

In  this  report  neither  environmental  nor  aging  tests  will  be 
further  discussed. 


It  should  be  noted  that  the  tests  reported  here  are  primarly 
used  for  research  and  development  although  most  of  them,  with 
minor  alterations,  could  be  used  as  production  tests. 


2.  FUNDAMENTALS  OF  THE  SWEDISH  BASE-BLEED  SYSTEM 

The  purpose  of  the  base-bleed  system  is  to  eject,  or  bleed,  a 
suitably  low  mass  flow  of  under  stoichiometric  solid  propel¬ 
lant  combustion  products  from  the  body  of  a  flying  object, 
such  as  a  gun  projectile,  into  the  near  wake  where  the  com¬ 
bustion  is  completed  with  ambient  air.  This  affects  the  wake 
flow  in  such  a  way  that  the  base  pressure  is  increased  and  the 
base  drag  thereby  reduced.  The  base  mass  flow  should  be 


optimal  and  should  occur  during  a  substantial  part  of  the 
flight  time. 

There  are  many  problems  associated  with  the  design  of  base- 
bleed  units  for  projectiles.  The  system  has  to  withstand  the 
pressures,  tempe racures  and  accelerations  in  the  gun,  at  the 
muzzle  and  during  flight.  The  ignition  has  to  be  reliable  and 
consistent  and  the  unit  should  be  designed  to  work 
efficiently.  Morover  the  mass  and  volume  should  not  adversely 
affect  the  lethality  or  cargo  capability  of  the  projectile. 

The  general  design  of  the  Swedish  base-bleed  unit  is  shown  in 
fig  1.  It  is  a  compromise  of  efficiency,  simplicity  and  low 
cost  and  is  based  on  the  fact  that  a  controlled  low  mass  flow 
of  mainly  gases  can  be  generated  by  the  combustion  of  a 
propellant  at  low  pressures  in  a  combustion  chamber  within  the 
projectile  body. 


FIGURE  1.  Low  drag  experimental  projectile  with  base-bleed 
unit. 


The  main  parts  of  the  base-bleed  unit  are  the  combustion 
chamber  with  the  propellant  grain,  the  igniter  and  the  base 
with  a  suitable  nozzle  system.  In  a  sense  the  entire 
projectile  afterbody  is  part  of  the  unit  since  it  in  most 
cases  constitutes  the  combustion  chamber.  The  optimum  design 
of  the  afterbody  is  very  much  governed  by  the  performance  of 
the  base-bleed  unit. 

The  base-bleed  unit  is  in  the  course  of  the  interior 
ballistics  subjected  to  high  pressures  and  pressure  changes 
and  to  strong  axial  and  angular  accelerations.  These  cause 
mechanical  stresses,  strains  and  deformations  of  all  unit 
parts. 

The  propellant  compositions  should  be  chosen  with  yteat  caie. 
A  suitable  grain  design  can  greatly  reduce  strains  and 
stresses  and  the  risk  of  cracks.  Spin  stand  tests  and  axial 
acceleration  tests  are  useful  for  studying  mechanical  per¬ 
formance. 
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When  the  gun  is  fired,  the' base-bleed  propellant  grain,  as 
well  as  the  igniter  composition  are  ignited  by  the  combustion 
gases  in  the  gun.  Due  to  the  very  steep  pressure  drop  when 
the  projectile  leaves  the  muzzle,  the  base-bleed  propellant 
combustion  tends  to  be  extinguished.  The  igniter  however  has 
a  pyrotechnic  composition  with  very  low  sensitivity  to 
pressure  variations.  Thus  it  is  capable  of  sustaining  the 
combustion  of  the  propellant  grain. 

It  is  very  important  for  good  range  and  precision  to  achieve 
an  instant,  reproducible,  full  effect  onset  of  the  base-bleed 
immediately  at  the  muzzle.  Several  theoretical  and  experi¬ 
mental  ignition  studies  and  tests  have  been  carried  out. 

These  and  numerous  complete  base-bleed  projectile  firings 
emphasize  the  importance  of  perfect  ignition. 


FIGURE  2.  Calculated  range  decrease  versus  ignition  delay  for 
a  medium  caliber  low  drag  base-bleed  projectile.  Shaded  area 
indicates  possible  variations  due  to  the  size  of  the  base- 
bleed  unit  and  due  to  flight  conditions. 


The  conditions  are  demonstrated  in  fig  2.  showing  calculated 
range  decrease  versus  effective  ignition  delay  for  a  medium 
caliber,  low  drag  base-bleed  artillery  projectile.  An 
ignition  delay  of  0.1  sec  results  in  a  range  decrease  of 
approximat ively  0.4  %.  This  is  of  the  same  order  as  the  total 
dispersion  at  maximum  range  of  good  projectiles. 

For  a  normally  working  unit,  full  onset,  of  base-bleed  occurs, 
with  only  small  dispersion,  within  a  couple  of  meters  from  the 
muzzle.  Consequently  ignition  should  normally  not.  involve  any 
problems  but,  due  to  the  importance,  has  to  be  thoroughly 
tested  and  controlled. 
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Due  to  high  gun  pressure  the  regression  of  the  igniter  compo¬ 
sition  is  conciderably  higher  in  the  course  of  the  interior 
ballistics  than  outside  the  barrel.  Several  mm  of  igniter 
composition  length  is  usually  burned  in  the  barrel.  This  has 
to  be  taken  into  consideration  when  ^signing  ingiters. 

The  first  part  of  the  propellant  grain  combustion  takes  place 
at  high  pressure  while  the  projectile  travels  along  the 
barrel.  The  regrest  Ion  rate  is  high  but  the  duration  very 
short.  The  propellant  layer  burned  in  the  gun  is  generally 
relatively  thin  and  usually  not  determinative  for  the  grain 
dimensions . 

During  free  flight  is  the  mass  flow  through  the  nozzle  low 
and  subsonic.  The  pressure  in  the  combustion  chamber  exceeds 
the  base  pressure  only  slightly.  Due  to  the  effect  of  the 
base-bleed  the  chamber  pressure  differs  very  little  from 
ambient  pressure.  The  ambient  pressure  is  degressive  along 
the  trajectory  up  to  apex.  This  results  in  a  degressive 
regression  rate  of  the  propellant.  It  should  be  noted  that 
regression  rates  and  thus  mass  flow  and  duration  of  burning 
are  functions  of  elevation. 

The  projectile  might  eventually  reach  an  altitude  at  which  the 
pressure  is  so  low  that  propellant  combustion  is  no  longer 
possible.  It  is  vital  to  determine  regression  rates  and  to 
study  propellant  combustion  from  sea  level  atmospheric 
pressure  down  to  pressures  at  which  extinction  occures. 


3.  DISPOSITION  OF  TEST  METHODS 

The  base-bleed  unit  appears  simple  in  its  design.  It  is 
however  evident  that  several  severe  requirements,  many  with 
small  margins,  are  to  be  met.  Theoretical  calculations  may  be 
performed  and  can  elucidate  some  problems  but  due  to  the 
complexity  of  the  over  all  process  only  experimental  tests  can 
finally  ensure  reliable  and  good  performance. 

During  the  research  leading  to  the  invention  of  the  Swedish 
bane-bleed  system  and  during  the  continued  development  a 
number  of  different  methods  and  experimental  procedures  for 
testing  parts  as  well  as  the  complete  system  have  been 
developed  and  applied. 

'  summary  of  some  methods  is  presented  in  fig  3.  In  this 
1 gure  is  indicated  which  tests  might  be  considered  as 
essential  or  important/of  value.  As  appears,  in  some  cases 
standard  methods  already  available  have  been  appl i ed,  some t i me s 
however  with  alterations.  In  some  cases  new,  comprehensive 
facilities  have  been  designed  and  built  especially  for  the 
base-bleed  research,  development  and  testing. 
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FIGURE  3.  Summary  of  test  methods. 

4.  LABORATORY  METHODS  AND  EXPERIMENTAL  FACILITIES 

4.1  Combustion  Bomb  Tests 


Subatmospheric  to  high  pressure  propellant  combustion .  A s 
indicated  earlier  the  pressure  in  the  base-bleeci  unit 
combustion  chamber  is  normally  close  to  ambient  pressure. 
Starting  from  gun  site  atmospheric  conditions  ambient  pressure 
is  decreasing  up  to  apex.  An  advanced  projectile  trajectory 
apex  might  be  as  high  as  15  km.  It  is  however  probable  that 
the  optimum  end  of  combustion  should  occur  at  a  lower 
altitude.  The  range  of  interest  for  combustion  studies  is 
mainly  at.  subatmospheric  pressures.  Regression  rates  should 
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be  determined  down  to  the  pressure  at  which  extinction  occurs. 
The  combustion  behaviour  such  as  occurance  of  oscillatory 
combustion  should  be  observed  and  measured.  Although 
oscillations  can  be  observed  in  combustion  bomb  tests,  the 
combustion  will  tend  to  be  stable  in  a  real  base-bleed 
combustion  chamber  where  the  thermodynamic  situation  is 
different  and  usually  more  favourable.  Strand  burning 
regression  rates  appear  to  be  quite  accordant  with  base-bleed 
combustion  regression  provided  correction  is  made  for  the 
influence  of  spin.  Combustion  tests  at  subatmcspheri c 
pressures^are  mostly  performed  in  a  strand  burner  window  bomb 
of  500  cm5  volume  connected  to  a  surge  tank  of  1  nr 
volume  as  shown  in  fig  4.  The  feurge  tank  is  connected  to  a 
vacuumpump  allowing  the  bomb  and  tank  system  to  be  evacuated 
to  the  desired  pressure.  The  system  is  fitted  with  valves 
necessary  for  operation.  Pressures  are  measured  at  several 
locations . 


FIGURE  4.  Subatmosphe r i c  propellant  combustion  test  facility. 


A  majority  of  combustion  bornb  tests  have  been  performed  with 
propellant  strands  of  5  by  5  mm  square  cross  section  and  120 
mm  length.  The  strands  are  inhibited  on  the  sides. 

Ignition  is  accomplished  with  an  electrically  heated  iron 
wire.  Fine,  melting  silver  wires  are  used  for  determination 
of  the  average  regression  rate. 

Examples  of  test  results  are  shown  in  fig  5  for  two  different 
HTPB  propellants.  Regression  rates  at  pressures  higher  them 
atmospheric  determined  in  the  same  combustion  bomb  are  shown 
for  one  of  the  propellants. 


Igniter  combustion.  During  research  and  development  of 
igniters  high  pressure  combustion  bomb  t^sts  are  valuable.  In 
this  case  a  cylindrical  bomb  with  100  cm"'  internal  volume 
and  maximum  200  MPa  pressure  is  used.  The  bomb  is  fitted  with 
transducers  for  measurements  of  pressure  and  light  emission. 
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FIGURE  5.  Regression  rate  versus  pressure  for  two  different 
HTPB  propellants. 
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FIGURE  6.  Regression  rate  versus  pressure  for  two  different 
igniter  compositions. 
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It  has  also  connections  for  the  ignition  of  the  igniters  to  be 
tested.  Test  igniters  with  net  diameter  21  mm  and  length  15 
to  20  mm  are  generally  used. 

Influences  of  different  variables  such  as  composition,  compo¬ 
nents  particle  sizes  and  compacting  pressure  have  been  studied 
in  order  to  find  suitable  igniters  for  different  designs.  As 
examples  regression  rates  for  two  igniters  are  shown  in  fig  6. 


4.2  High/Low  Pressure  Bomb  Tests 

The  high/low  pressure  bomb  is  used  for  experimental  simulation 
of  the  conditions  the  igniter  is  exposed  to  during  interior, 
transitional  and  exterior  ballistics. 

The  bomb  in  which  the  igniter  to  be  tested  is  located,  is 
fitted  which  a  bursting  disk.  Fig  7.  The  bomb  is  loaded 
with  a  suitable  amount  of  propellant.  When  the  propellant  is 
ignited  the  pressure  will  first  increase  to  a  value  corre¬ 
sponding  to  some  effective  gun  pressure.  After  some  ms, 
corresponding  to  the  duration  of  the  interior  ballistics,  the 
disk  will  burst  and  the  chamber  pressure  will  drop  to  approxi- 
matively  ambient  pressure. 

By  balancing  bomb  volume,  pressure  increasing  propellant  mass, 
nozzle  area  and  disk  burst  conditions  an  acceptable  simulation 
of  the  influence  on  the  igniter  combustion  can  be  attained. 
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FIGURE  7.  High/low  pressure  igniter  combustion  test  bomb. 


4.3  Tensile  Tests 


In  the  gun  the  propellant  grain  is  subjected  to  very  strong 
axial  and  radial  accelerations.  In  addition  the  base-bleed 
system  should  be  working  over  a  wide  temperature  range,  such 
as  -40  to  +60°C .  Determination  of  the  mechanical  properties 
of  the  propellant  over  the  actual  temperature  range  is  most 
important.  These  properties  will  in  turn  determine  the 
maximum  grain  size.  It  is  convenient  to  have  a  series  of 
propellant  compositions  developed  and  tested  in  order 
to  make  the  optimum  choice  for  each  design. 

Tensile  tests  are  made  with  JANAF  specimens  in  a  tensile  test 
machine  with  cross  head  speeds  between  1  and  500  mm/s .  Tests 
are  made  at  different  strain  rates  and  temperatures.  The 
results  are  presented  in  master  curves.  Examples  of  results 
are  shown  in  fig  8-10. 


FIGURE  8. 


Master  curve  for  relaxation  modulus 


4.4  Spin  Tests 


Spinning  solid  propellant  rocket  motors  perform  differently 
from  nonspinning  motors  and  the  same  applies  to  spinning 
base-bleed  units  with  solid  propellant  grains.  The  most 
important  consequences  of  the  spin  are  increased  burning  rate 
due  to  radial  acceleration,  altered  combustion  chamber  flow 
and  nozzle  flow.  Spin  also  influences  the  ignition  process. 
Consequently  spin  tests  are  most  valuable. 

A  spin  stand  designed  and  built  at  FOA  (Swedish  Defence 
Research  Establishment)  is  shown  in  fig  11.  An  electric  mote 
rotates  the  shaft  by  way  of  a  hydraulic  drive  at  variable  spi 
rates  corresponding  to  actual  projectile  rotation,  up  to  abou 
20  000  rpm.  The  shaft  in  which  transducers  are  situated,  is 
journalled  by  two  ball  bearings.  The  main  end  of  the  shaft 
carries  the  test  unit  to  be  spun,  the  other  end  is  connected 
to  a  slip  ring  assembly.  The  bearing  housing  is  fixed  to  a 
steel  plate  which  rests  on  two  spring  blades.  Pressures  can 
be  measured  at  different  locations  through  pressure  taps.  Th 
signals  from  the  pressure  transducers  are  carried  via  the  sli 
ring  assembly  to  the  signal  processing  equipment.  It  is  also 
possible  to  use  radio  transmission  for  the  signal  transfer. 
Ignition  is  accomplished  via  the  slip  ring  assembly  or  via  th 
combustion  chamber  nozzle. 


FIGURE  11.  Spin  stand  facility 


Spin  tests  are  usually  performed  in  full  scale  to  study  the 
effect  of  spin  on  propellant  grain  combustion  and  on  chamber 
and  nozzle  flow  and  blocking.  Fig  12  shows  a  photograph  from 
a  spin  test.  Other  spin  tests  may  also  be  performed  such  as 
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igniter  spray  tests  and  grain  deformation  tests.  In  the  first 
case  the  actual  igniter  is  used  in  combination  with  a  dummy 
propellant  grain.  The  spray  pattern  of  the  igniter  jet  will 
be  clearly  marked  or;  the  dummy  grain  surfaces  and  can  be 
studied  after  the  test. 


12-  sPin  stand  test  of  base-bleed  unit  combustion  at 
15  000  r pm. 


FIGURE  13.  Deformation  of  propellant  grain  in  open  ended 
combustion  chamber  spinning  at  12  000  rpm. 


Grain  deformation  due  to  spin  can  conveniently  be  studied  by 
stroboscopic  photographing  of  a  grain  in  a  spinning  open  ended 
combustion  chamber.  The  deformation  of  a  segmented  grain 
without  central  channel  is  shown  in  fig  13.  External  axial 
flow  is  generally  not  provided  for  in  a  spin  stand  of  this 
design.  Hence  only  internal  processes  of  base-bleed  units  can 
be  studied.  On  the  other  hand  this  can  readily  be  made  in 
full  scale. 
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The  interaction  of  base-bleed  and  external  ambient  flow  is 
ordinarily  studied  in  supersonic  wind  tunnels.  At  FOA  a 
spinning  experimental  base-bleed  unit  has  been  designed  and 
built  for  this  purpose. 


4.5  Linear  Acceleration  Tests 

Soft  recovery  of  gun  fired  projectiles  has  always  been  an 
interesting  and  important  task.  In  1966  was  at  the  proving 
ground  of  FOA  designed  and  built  a  very  special  linear 
acceleration  and  soft  recovery  facility.  It  has  performed 
excellently  over  the  years  and  is  still  in  current  use. 

The  basic  element  is  a  recoilless  84  mm  caliber  smooth-bored 
gun  in  a  heavy  experimental  version.  This  gun  is  fixed  to  a 
long  support  and  the  barrel  is  elongated  to  275  m  by  means  of 
pipes.  Fig  14.  When  the  gun  is  fired  an  increasing  pressure 
is  built  up  in  front  of  the  projectile  as  it  travels  along  the 
barrel.  The  pressure  behind  the  projectile  is  continously 
decreasing.  The  projectile  is  softly  retarding  and  will  come 
to  a  stop  after  about  100  m.  Compressed  air  is  used  to  move 
the  projectile  out  of  the  barrel. 


FIGURE  14.  Linear  acceleration  test  facility 


linear 


By  changing  projectile  mass  and. gun  propellant  mass, 
accelerations  up  to  400  000  m/s  (40  000  g)  can  be 
obtained.  Numerous  tests  with  propellant  samples  and  grains 
have  been  carried  out  in  order  to  obtain  data  on  mechanical 
properties  of  the  propellant  as  well  as  to  study  deformation, 
occurrence  of  cracks  etc  of  the  grains. 

Mechanical  behaviour  of  igniters  subjected  to  strong 
accelerations  has  also  been  studied.  The  facility  is  well 
suited  to  acceleration  tests  of  mechanical  parts  and 
electronics . 


4.6  Supersonic  Wind  Tunnel  Tests 

The  supersonic  wind  tunnel  at  FOA,  used  for  base-bleed 
studies,  is  a  blow  down  type  of  tunnel  with  fixed  nozzles  for 
M  “  1.81  and  M  <=  2.65.  Fig  15.  The  nozzle  test  section 
diameters  are  125  mm  and  170  mm  respectively.  The  afterbody 
model  is  supported  by  a  central  cylindrical  tube  extending 
from  upstream  the  tunnel  nozzle.  Thus  no  problems  with 
support  interference  will  occur.  Model  external  diameters  are 
mostly  50  mm. 


FIGURE  15.  Supersonic  wind  tunnel  test  section.  Nozzle  with 
central  support  tube  and  after  body  model  with  base-bleed 
unit.  Test  section  can  be  open  or  closed  for  tests  at 
suba tmosphe r  i  c  pressures  corresponding  to  flight  at  high 
a  1 1 i tudes . 


Several  non  spinning  models  of  different  base-bleed  unit 
designs  have  been  built  and  tested.  The  unit  is  located 
within  the  afterbody  model  and  consists  of  the  combustion 
chamber  with  the  propellant  grain  and  the  base  with  the  nozzle 
system  tc  be  tested. 
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Ignition  of  the  propellant  grain  is  accomplished  through  the 
base  nozzles  by  means  of  the  jet  from  a  pyrotechnic  igniter 
mounted  on  a  retractable  support. 

Pressures  in  the  combustion  chamber  and  on  the  after-body 
surface  are  measured  by  means  of  a  large  number  of  taps 
connected  to  scanning  transducers.  Lines  from  the  transducers 
are  fed  through  the  support  tube. 

In  a  typical  test,  the  tunnel  is  run  some  seconds  after  the 
base-bleed  has  ceased.  Thus  data  with  as  well  as  without  base 
flow  are  obtained  during  the  same  test  run. 

A  support  device  for  wind  tunnel  testing  of  spinning  base- 
bleed  units  has  also  been  designed  and  built..  The  device  is 
mounted  to  the  central  axial  support  tube.  Air  bearings  are 
used.  Spin  rates  up  to  about  40  000  rpm  are  brought  about  by 
means  of  an  air  turbin  and  spin  rates  are  measured  wiht  a 
photo-cell  system.  By  measuring  the  pressure  in  the  chamber 
stabilising  the  axial  position,  total  axial  force  and  base 
drag  can  be  calculated. 

Several  hundreds  of  base-bleed  tests  have  been  carried  out 
with  variables  such  as  propellant  composition,  grain  con¬ 
figuration,  nozzle  configuration,  nozzle  area  and  afterbody 
configuration.  Also  further  advanced  systems  related  to  base- 
bleed,  such  as  external  burning,  have  been  investigated. 

The  large  number  of  test  results  have  made  possible  the 
formulation  of  very  reliable  performance  data  which  in  turn 
have  been  introduced  into  our  exteriour  ballistics  code.  Very 
good  agreement  between  calculated  and  complete  gun  firing 
results  are  demonstrated  over  a  large  range  of  calibers,  sizes 
and  applications. 


FIGURE  16.  Supersonic  wind  tunnel  test  of  base-bleed  unit 
combustion  at  M=-1.81. 


5.  GUN  FIRING  TESTS  AND  FACILITIES 


5.1  Aeroballistic  Range  Tests 

The  purpose  of  aeroballistic  range  tests  is  mainly  to  deter¬ 
mine  aerodynamic  coefficients  and  stability  factors  of 
projectiles  in  free  flight.  The  flow  around  free  flying 
projectiles  with  and  without  base-bleed  can  be  studied.  Since 
range  tests  concern  the  very  first  part  of  the  trajectory  the 
base-bleed  igniuion  process  may  be  observed  simultaneously. 

In  Sweden  is  a  240  m  long,  11.5  m  wide  and  6  m  high  covered 
aeroballistic  range  named  Nordbanan  at  the  proving  ground  of 
FFK  in  Karlsborg.  In  this  range  it  is  possible  to  fire  rounds 
of  up  to  155  mm  calibre. 

The  range  of  measurements  extends  over  230  m  and  includes  93 
yaw-cards  and  10  photographic  stations.  Fig  17.  Each 
station  is  equipped  with  two  Hasselblad  500  EL  cameras  for 
horisontal  and  vertical  photographs  perpendicular  to  the 
trajectory,  and  flashes  of  very  short  duration.  By  focusing 
the  cameras  on  white  back  ground  screens  the  projectile 
attitude,  and  the  shadowgraph  of  the  flow  field  can  be 
registered.  The  camera  shutters  open  shortly  before  the 
projectile  passes  and  closes  shortly  afterwards.  The  actual 
exposures  are  brought  about  by  the  very  short  flashes. 

When  applying  the  method  with  open  cameras  and  flashes  the 
strong  light  from  the  base-bleed  combustion  might  interfere 
with  the  shadowgraph.  However  there  seems  to  be  no  difficul¬ 
ties  in  using  yaw-cards  for  base-bleed  projectile  firings. 


FIGURE  17.  Indoor  picture  of  the  aeroballistic  range  at 
Karlsborg  proving  ground. 
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5.2  Ballistic  Firing  Tests 

Ballistic  firings  offer  the  ultimate  tests  of  the  performance 
of  the  complete  base-bleed  projectiles.  The  fundamental  tests 
concern  range  and  dispersion  at  different  angles  of  elevation 
and  muzzle  velocities.  In  Sweden  this  kind  of  firings  are 
often  made  over  water.  The  impact  i«s  usually  measured  by 
radar  and/or  cine-theodolites. 

Firings  in  darkness  with  good  visibility  offer  excellent 
conditions  for  studying  the  performance  of  base-bleed  units 
during  flight.  The  ignition  process  as  well  as  the  combustion 
process  -  duration,  stability  etc  -  can  be  observed  and 
recorded.  Registrations  are  made  with  open  shutter  cameras. 

During  most  ballistic  test  firings  Doppler  radar  measurements 
are  performed.  The  results  are  generally  presented  as  drag 
coefficients,  CD,  versus  Mach-number  and  versus  flight 
time  and  provide  important  data  for  use  e.g.  in  aeroballistic 
calculations . 

In  general  all  malfunctions  and  disturbances  of  importance  of 
the  base-bleed  process  will  cause  observable  devergences  of 
the  drag  coefficient,  from  normal  values. 

In  fig  18  is  shown  measured  CQ  versus  Mach  number  for  an 
experimental  155  mm  base-bleed  projectile.  As  can  be  seen  the 
base-bleed  unit  of  round  3  is  not  working  correctly.  The 
ignition  is  retarded,  causing  high  CQ  at  start.  The  base 
mass  flow  is  displaced  towards  the  later  part  of  the  process. 


FIGURE  18.  Measured  drag  coefficients  versus  Mach  number  for 
an  experimental  155  mm  base-bleed  projectile. 


6.  CONCLUSIONS 


The  base-bleed  unit  is  an  apparently  simple  system  with  no 
moving  parts.  It  is  however  evident  that  the  over  all  process 
is  very  complex  and  that  several  severe  requirements  are  to  be 
mot.  Analytic  design  methods  and  data  are  still  insufficient. 
Thus  experimental  tests  for  research  and  development  of  parts 
and  Guosystems  as  well  as  complete  base-bleed  units  are  of 
utmost  importance.  Experiments  are  also  necessary  for 
obtaining  basic  data  such  as  regression  rates,  mechanical 
properties  and  ae roball i st i c  coefficients.  However  good 
theories  might  be  developed  testing  will  still  be  needed  for 
proving  reliable  and  efficient  performance. 

In  this  report  some  of  the  more  important  test  methods  and 
experimental  procedures  now  in  use  have  been  presented.  New 
methods  are  however  currently  beeing  developed.  In  later 
years  several  laser  based  methods  have  been  introduced.  Fiber 
optics  and  micro  electronics  render  possible  new  transducers, 
data  transfer  and  data  processing  technique.  Larger  computers 
and  computer  codes  will  be  developed. 
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[  ABSTRACT  ] 

The  dispersion  of  shot  is  an  important  performance  index  of  a  base  bleed  projectile.  Corrcc' 
estimation  the  characteristic  quantity  of  dispersion  of  the  base  bleed  projectile,  effective  reducing 
the  dispersion  of  the  projectile,  reasonable  determining  the  dispersion  index  are  problems 
of  great  concern  for  projectile  designers  and  ballisticians. 

In  this  paper,  the  dispersion  of  the  base  bleed  projectile  has  been  estimated,  end  the  methods 
for  reducing  the  influence  of  nutation  and  the  drag  dispersion  with  base  bleeding  and 
the  highaltitudc  wind  on  the  dispersion  of  projectile  have  been  introduced.  Then,  the  effects 
of  various  factors  on  the  dispersion  of  projectile  have  been  analyzed,  and  it  is  po  uted  out 
that  the  initial  velocity  dispersion,  nutation  dispersion,  gusty  wind  and  drag  dispersion  with 
base  bleeding  are  the  main  factors  affecting  dispersion  of  projectile.  Because  the  drag 
of  base  bleed  projectile  Ls  so  weak  that  the  effect  of  the  drag  dispersion  on  over  all  -  dispersion 
will  ire  more  sensitive.  Factors  affecting  dispersion  of  the  base  drag  with  base  bleeding  and 
the  influence  of  the  dispersion  of  ignition  time  on  over  all  ■  dispersion  have  been  discussed. 
The  methods  of  reducing  dispersion  have  been  stated,  ant  the  methods  of  determining  the 
index  of  dispersion  and  of  making  reasonable  distribution  have  been  demonstrated.  The  firing 
test  have  proved  that  the  theory  and  methods  given  in  fit's  paper  are  verified. 


1.  INTRODUCTION 

A  ba.se  bleed  projectile  can  increase  tarigc  efficiently,  and  the  increase  of  range  rate  is  normally 
about  20"-  30%.  Under  the  condition  of  high  initial  velocity,  the  Icsj  the  wave  drag  of  the 
projectile,  the  more  the  proportion  of  the  base  drag  to  tc’ai  drag,  and  also  the  more  noticeable 
the  effect  of  the  increasing  range  of  base  bleeding.  Hence,  the  increasing  range  of 
base  Needing  especially  suitable  for  the  low  orag  projectile  with  the  shape  of  hign  fineness 
ratio  head. 

Owing  to  the  structure  characlcris.ic  of  the  base  bleed  projectile,  it  is  very  probable 
that  slight  carelessness  in  design  causes  excess  large  dispersion  of  shot.  The  reasons  of  large 
dispersion  can  be  summed  up  in  following  rcspccts:  1.  For  large  calibre  and  long  -  range 
projectile,  charge  weight  is  more,  the  ignition  and  flame  tranger  are  not  uniform,  it  i»casy 
to  cause  the  large  dispersion  of  initial  velocity ;  2.  Due  to  rather  large  fineness  ratio 

of  the  projectile,  long  gun  barrel,  high  bore  pressure,  spin  rate  of  projectile,  it  is  not  easy 
to  centre  the  projectile  in  bore  so  that  the  considerable  yaw  dispersion  of  projectile 
during  launch  period  is  caused;  3.  Que  to  extended  range,  high  altitude  and  large 
time  of  flight,  a  long  -  range  projectile  is  easy  to  be  affected  by  random  change  of  meteorological 
elements;  4.  Because  of  the  additional  base  bleed  unit,  -tire  stability  of  propellent  gas  flow 
and  dispersion  of  ignition,  etc,  which  3rc  related  to  the  base  bleed  uni!  immediately, 
will  cause  dispersion  of  base  diagj  5.  Because  base  bleed  projectile  has  the  shap"  of  low 


drag,  the  .sensitivity  of  projectile  for  the  initial  velocity  and  drag  dispersion  increases  as  drag 
decreases.  But  the  relative  variation  of  drag  dispersion  increases,  so  that  the  dispersion 
of  shot  further  increases. 

in  this  (viper,  based  on  theoretical  analysis  and  test  data,  the  estimating  method  of  the  dispcr.ion 
of  base  bleed  projectile  has  been  researched,  the  factors  earning  dispersion  have  been  analyzed, 
the  ways  of  decreasing  dispersion  have  been  pointed  out,  the  dispersion  index  have 
been  discussed.  Theoretical  foundations  and  actual  r.u  thods  of  reducing  the  dispersion 
of  base  bleed  projectile  have  been  provided,  m  order  to  realize  the  overall  optimum  design 
of  base  bleed  projectile,  and  estimate  the  dispersion  elements  of  the  firing  table  of 
base  bleed  projectile. 


2.  ESTIMATION  OF  DISPERSION  PROBABLE  ERROR  OF  BASE  BLEED  PROJECTILE 

The  flight  stability  of  the  base  bleed  projectile  is  a  necessary  condition  to  meet  the  dispeision 
index.  In  estimating  the  dispersion  of  shot,  the  gyroscopic  stability,  dynamic  stability 
and  trailing  stability  of  the  base  bleed  projectile  must  meet  the  requirement  along 
overall  trajectory.  Under  these  conditions,  the  dispersion  probable  error  of  the  falling  point 
of  base  bleed  projectile  can  be  calculated  by  following  formulas; 
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where  E*- probable  error  in  range;  E-- probable  error  in  deflection-,  a  i- factors  related 
with  the  range  and  the  deflection,  such  as  the  initial  velocity,  v„,  the  ballistic  coefficient, 
c,  the  weight  of  the  projectile,  G,  the  range  wind,  Wx,  the  cross  wind,  Wr,  the  ignition 
time  of  base  bleed  unit,  tn,  etc.  E„  ; -  the  probable  errors  of  dispersion  of  factors  (  a  i)  , 
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such  as  E\n,  Ec;,  Ec,  Ew*.  Ewi,  etc.  -  the  sensitivity  cf  the  factors  a  i  for  range,  ~ 
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-  the  sensitivity  of  the  factors  a  ■,  for  deflection.  Hence  the  dispersion  of  range  and  deflection 
caused  by  the  dispersion  of  factor  a  ,  can  be  written  as 
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this  is,  the  dispersion  of  falling  point  caused  by  factor  a  ,  is  a  product  of  its 
sensitivity  factor  with  its  probable  error.  When  the  dispersion  is  analyzed,  the  two 
respects  -  the  sensitivity  factor  and  dispersion  amount  must  be  considered. 


1  TREATING  METHOD  OF  FALLING  POINT  DISPERSION  CAUSED  BY  MUTATION 
DISPERSION,  DRAG  DISPERSION  WITH  BASE  BLEEDING  AND  GUSTY  WIND 


oini  i vispersu'n  by  Nutation 


The  nutation  dispersion  aiuscs  not  only  the  range  dispersion  but  also  the  deflection  dispersion. 
They  are  discussed  respectively  as  follows  i 


3.1.1  Estimation  of  range  dispersion  caused  by  natation  dispersion.  Several  methods  are  described 
as  follows;  a.  Method  of  Ballistic  equation 

Using  equation  of  motion  for  a  modified  mass  point  or  ballistic  equation  of  six  degrees  of 
freedom,  the  range  X ;  corresponding  to  the  ii.dividal  nutation  amplitude  6  m;  am  be  calculated 
and  the  F.xc  i  can  be  written  as 
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b.  Method  of  equivalent  initial  velocity 

The  influence  of  nutation  on  range  can  be  considered  as  the  influence  on  the  initial  velocity, 
v0,  if  the  change  of  initial  velocity  caused  by  nutation  6  is  Av,i,  the  their  relation 
is 
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then,  the  probable  error  of  initial  velocity  caused  by  the  nutation  dispersion  is  given  by 


r 


E  ,  =  0.6745 
*  *  > 


/  .  _  TAv  , 
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n  -  1 


(5) 


The  range  dispet  sion  caused  by  the  nutation  dispersion  is  given  by 


E 


xs  | 


o 


(6) 


c.  Method  of  ballistic  coefficient 

Under  the  condition  of  existing  the  nutation,  the  ballistic  coefficient  of  projectile  is 
given  by 

CrC„(l  +  K6',)  (7) 


-  J"  T  •  (H) 

where  c„  is  .he  ballistic  coefficient  when  nutation  is  zero;  K.  is  the  coefficient  related  with 
the  projectile  shape  and  Much  number  M:  t,  is  the  time  when  nutation  is  damped  to  zero; 
T-  -  total  time  of  flight. 


The  dispersion  of  the  ballistic  coefficient  caused  by  the  nutation  dispersion  is  given  by 


I(C--C)2 


I  ■  a  -  0-6745 


n  --  1 


(9) 


The  probable  error  in  range  is  given  by 


E 


9X 

aC 


d.  Method  of  nutation  deviation 
Firstly,  calculate 


(10) 
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Secondly,  calculate 
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zc*_-y_  s’ 


E,  .0.6745  /  4-4 - 

V  n  -  1 


JXi 
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m  n 

finally,  calculate 


E  F 

XJi  a5  E>. 
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(12) 
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3.1.2  Dispersion  of  aerodynamic  jump  caused  by  nutation  dispersion.  The  aerodynamic  jump 
caused  by  the  nutation  is 


(14) 
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* 


0.6745 


Iw,-*)2 


n  —  1 


where  A  oi  -  the  initial  nutation  angle  velocity;  R*  -  the  equator  radius  of  the  gyration  of 
projectile;  h  -  the  distance  of  drag  centre  to  mass  ccntic  of  the  projectile. 

The  range  and  deflection  dispersion  caused  by  E*  is  resperctively  given  by 


(16) 


Eza  -  XE„ 


(  17) 


finally,  the  falling  point  dispersion  caused  by  the  nutation  is  yielded  by 

£*«■=  Ve 

Eza  =  XE* 


(  18) 


3.2  Range  and  Deflection  Dispersion  Caused  by  Gusty  Wind 

To  calculate  the  influence  of  the  gusty  wind  of  every  poitn  on  trajectory  on  the  falling  point 
dispersion,  firstly,  the  method  of  calculating  the  falling  pom  dispersion  caused  by  the  gusty 
wind  of  every  point  on  trajectory  need  to  be  discussed.  For  the  point  i,  the  mean  wind  W| 
and  the  mean  square  error  of  the  gusty  wind  awi  have  a  relation  in  the  following 

a  wi=  xji  wiWi  (  19  ) 

where  ijiwi-thc  relative  intensity  of  wind. 

If  the  falling  point  dispersion  caused  by  the  gusty  wind  of  every  point  on  trajectory  is  equal 
to  the  mean  square  error  of  the  qusty  wind,  that  is  considered  the  same  along  all- 
over  trajectory,  hence,  following  formula  can  be  yielded 
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.  -J 

Wk  si 

■ 

Z(4,<rwj)2 

l- 1 

(20) 

aX 

q '  '  aW 

/  ~ 

aW 

fX 

where  6  wb-  mean  square  error  of  ballistic  gusty  wind;  -the  change  of  range  caused 

by  a  unit  wind  ail  -  over  the  trajectory;  -the  change  of  range  caused  by  unit  wind 

of  point  i;  a,- the  layer- weight  of  layer  i. 

If  ijiwi  is  constant  all-over  the  trajectory,  or  t|iwi=  >|)  ,  hence 


(21) 


W‘)J 

generally,  i(i  ^  0. 1 
for  the  range  wind, 
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(22) 


for  the  cross  wind, 


-  / 
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(23) 


The  probable  errors  of  ballistic  range  wind  and  cross  wine  are  respectively  given  by 

Ewxb~  0.6745  cj  wxb  (  24  ) 

F.wzb~  0.6745  crwzb  (25) 

Hence,  the  probable  errors  of  the  falling  point  caused  by  the  gusty  wind  are  given  by 


F.. 


xw,  ,,Wx  ~wxk 
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(26) 


3.3  Falling  Point  Dispersion  Caused  by  Dispersion  of  Base  Bleed  Drag 


The  influence  of  the  drag  dispersion  of  the  base  bleed  prc.  'ectile  with  base  bleeding  on  the 
falling  point  dispersion  is  concerned  with  different  times  and  r  usitions  on  trajectory.  To  simplify 
calculating  procedure,  the  concept  of  ballistic  probable  error  of  the  base  bleed  drag  coefficient 
has  been  presented.  Based  on  following  principle;  the  falling  point  dispersion  caused  by  the 
ballistic  deviation  of  the  base  bleed  drag  coefficient  is  equal  to  that  caused  by  the  dispersion 
of  the  drag  coefficient  of  every  point  on  trajectory  with  base  bleeding,  the  ballistic  deviation 
of  drag  coefficient  can  be  determaned  by 


-aX-E 
aCD  Cr: 
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I  ABLh  1.  Killing  point  dispersion  caused  by  factors  of  dispersion 


E-za  i  <nl> 


h 

0.046 

A 

0.118 

B 

0 

tn 

2.56 

6  M 

280.6 

Cdbb 

436.5 

z 

0 

111  0 

6.31 

(a  DB 

6.31 

EC 

544.4 

where  EcDb-lhc  ballistic  probable  error  of  the  drag  coefficient  with  base  bleeding;  - 

the  change  of  rage  caused  by  an  unit  change  of  the  drag  coefficient  with  base  bleeding;  — — 

aC  d, 

-  the  change  of  range  caused  by  an  unit  change  of  the  drag  coefficient  of  point  i 

with  base  bleeding;  qCD,  -  the  layer  weigit  of  drag  coefficient  at  point  i. 

During  base  bleeding,  if  Eclm  is  constant  (Ecd)  .then 


K  =  Ec 


The  range  dispersion  caused  by  the  dispersion  of  drag  coctiicicnt  with  base  bleeding  is  given 


S' 


I' ABLE  2.  Como  a  re  of  theoretical  result  with  experimental  result 


Ex  (  m  ) 

L  (  m  ) 

Em/X 

theoretical  result 

544.4 

59.5 

1/72 

experimental  result 

505.8 

65.6 

1/77 

4.  ESTIMATION  AND  ANALYSIS  OF  INFLUENCE  OF  DISPERSION  FACTORS  ON 
DISPERSION  OF  BASE  BLEED  PROJECTILE 


4.1  Step  of  Estimating  Dispersion  of  Base  Bleed  Projectile 

a.  Calculate  sensitivity  factors; 

b.  Calculate  dispersion; 

c.  Calculate  falling  point  dispersion  caused  by  dispersion  fictors; 

d.  Composition  of  probable  error  of  dispersion. 


4.2  An  Example 

For  a  projectile,  the  diameter  is  155mm,  the  weight  is  47.8Kg,  the  initial  velocity  is 
850  ni/s,  the  angle  of  depardure  is  52°  ,  the  burning  time  is  24s,  how  to  estimate 
the  dispersion  of  the  projectile. 

Based  on  above  -  mentioned  formulas  and  steps  of  calculation,  the  probable  error  of  falling 
point  dispersion  by  the  dispersion  of  factors  tan  be  calculated,  the  results  are  shown  in  table 
1. 


TABLE  3.  Falling  point  dispersion  in  proportion  to  overall  dispersion  caused  by  the  dispresion 
of  any  factor 


a  i 

Ex2a  i  /Ei  100% 

Ezo  i  /Ez2  100% 

v0 

$1.4 

1.2 
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wx 
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0.12 
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cdbb 

64.29 
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6  M 

26.57 

41.16 

lj>  o 
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0.042 
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change  of  factor 
«  b  (  lg  ) 

T>  (  lie  ) 


change  of  range  (  m  ) 
5.34 


i 

I 

I 

I 

1 

I 

I 

1 

1 

I 

I 

I 

a 

a 

a 

a 

a 

a 


P  B 


Tf 


A, 

SB 


(  i%  ) 


( i%  ) 

( IX  ) 


0.12 


32.74 


22 


75 


(  1 %  ) 


7.5 


4.3  Example  Analysis 


Above  -  estimated  theory  results  and  test  results  are  shown  in  table  2.  They  are  in  very  good 
agreement.  The  falling  point  dispersion  in  proportion  to  overall  dispersion  caused  by  the  dispersion 
of  any  factor  is  shown  in  table  3. 

From  table  3,  main  factors  that  cause  the  range  dispersion  of  base  bleed  projectile  can  be 
shown.  They  are  the  drag  dispersion  with  base  bleed,  nut;.' ion  dispersion,  dispersion  of  initial 
velocity  and  the  dispersion  of  range  wind,  main  factors  that  cause  the  deflection  dispersion 
are  drift  dispersion,  nutation  dispersion  and  the  dispersio  n  of  cross  wind.  The  law  obtained 
by  lots  of  calculations  and  tests  from  this  example  Is  of  universal  significance.  The  formulas 
of  the  probable  error  of  falling  point  considering  above  main  factors  are  given  by 


eI-e'+e! 


+  E„  +E 


E*-EL  +  EL  +  EL 


(31) 


Next,  the  causes  of  formation  of  main  factors  will  be  further  analyzed,  and  the  key  poinu 
are  the  drag  dispersion  with  base  bleeding,  nutation  dispersion  and  drift  dispersion. 

(  1  )  Drag  dispersion  with  base  bleeding.  Bv  using  wind  tunnel  and  flight  test,  it  has  been 
known  that  the  drag  dispersion  with  base  bleeding  is  larger  its  order  of  magnitude  is  close 
to  that  of  the  drag  dispersion  of  common  high  explosive  projectile,  and  some  time  is  larger. 
In  the  wind  tunnel  test,  the  relative  drag  dispersion  of  l  tse  bleed  projectile  is  around  1.5%, 
the  relative  drag  dispersion  measured  by  Doppler  radar  is  1.6  to  1.7%,  the 
corresponding  relative  deviation  of  ballistic  drag  coefficient  is  0.6%  to  0.7%  ,  the  value  of 
common  high  exposive  projectile  is  mostly  less  than  0.5%, and  the  value  of  175mm 
M483  high  explosive  projectile  is  only  0.2%.  To  analyze  the  cause  of  forming  above  phenomenon, 
the  influence  of  each  factors  of  base  bleeding  on  the  range  has  been  calculated,  and  concrete 
data  is  shown  in  table  4. 


TABLE  5 


spin  rate  (  RPM  ) 

r  ( ( mm / s  ) 

.  - , 

Tt/  r  ro 

0 

1.29 

1.0 

6000 

1.47 

1.14 

7200 

1.48 

1.15 

9000 

1.51 

1.17 

10200 

1.56 

1.21 

10800 

1.60 

1.24 

It  is  shown  from  calculated  results  that  the  dispersion  of  burning  rate  and  burning  surface 
are  two  main  factors  that  affect  the  drag  dispersion  of  base  bleed  projectile,  and  the  reasons 
of  forming  such  phemomenon  can  be  divided  into  interior  and  external  factors,  the  stability 
of  burning  and  ejecting  of  propellant,  burning  law  of  bum.  ig  surface,  spin  rate  and  velocity 
dispersion  of  projectile,  random  swashing  effect  of  gas  *'k,w  of  ignition  propellant  on  bleed 
propellent,  and  sudden  disturbance  of  metcorologic  elements  on  trajectory,  etc,  all  these  would 
randomly  affect  the  burning  of  bleed  propclllcnt  and  flowing  of  gas,  and  cause  base  drag 
dispersion,  these  have  been  proved  by  tests,  it  is  shown  from  firing  test  that  the  dispersion 
of  falling  point  is  also  large  when  the  dispersion  of  burning  time  is  large,  the  burning  test 
is  28s  and  that  in  firing  test  is  24s,  even  decreases  to  13s,  In  ground  spin  test,  the  burning 
rate  would  increase  when  the  spin  rate  Increases,  the  data  is  shown  in  table  5.  Based 
on  above  tests  and  analysis,  it  is  shown  that  the  controlling  of  stability  of  burning  rate  and 
surface  is  very  important  to  reduce  the  drag  dispersion  of  base  bleed. 

( 2 )  The  nutation  dispersion.  Factors  that  cause  the  nutation  dispersion  are  very  complicated. 
From  the  moment  when  a  projectile  is  charged  into  bore  to  the  end  after  effect 
period,  or,  in  overall  launch  process,  factors  that  cause  the  nutation  would  exist  all  along. 
The  malalignment  of  band  -  engraving,  imbalance  of  projectile,  the  clearance  between  bourrlet 
and  tube,  non  -  stablcness  of  in  bore  motion  of  projectile,  the  jump  of  pressure  in 
bore  and  the  vibration  of  barrel,  etc,  all  these  would  cause  random  yawing  of 
projectile  in  bore.  For  the  low  drag  high  explosive  projectilr.  of  extended  range  with  bourrelet 
nub,  the  position  of  nub  on  bod,  shape  of  nub,  canted  angle  of  nub  would  all  affect  greatly 
the  motion  of  projectile  in  bore.  For  example,  for  some  ,j  ojcctile,  the  intial  maximum  extent 
of  the  nutation  is  15°  ,  aftc'  improving  the  condition  of  the  motion  of  projectile  >n 
bore,  it  is  reduced  to  5°  .  By  using  firing  test  and  theoretical  calcultation ,  it  is 
proved  that  the  precision  would  be  improved  if  the  nutation  angle  is  controlled  to  be  lesss 
than  5“  . 

(3)  Drift  dispersion.  For  a  spin  -  stabilized  projectile,  the  drift  is  caused  by  the  repose 
angle,  the  dispersion  of  repose  angle  ;s  the  reason  that  affects  directly  the  drift 
dispersion,  and  the  dispersion  of  spin  rate  velocity  would  also  cause  the  drift 
dispersion,  the  setting  error  of  nub,  especially  the  error  of  canted  angle  of  nub  would  affect 
the  dispersion  of  spin  rate,  and  cause  th  1  rhift  Dispersion,  formula  of  the  drift  dispersion 
is  give  in  the  form, 

Ezz  DXt>’i,o  (32) 

where  E„-  the  probable  error  of  drift  dispersion;  X  -  range;  0  „ -  the  angle  of  deqardurc; 
v  j  -  drift  coefficient,  its  value  is  0.0005  to  0.002,  generally  adopted  0.001. 


5.  D1SPFRSION  CHARACTER  OF  LOW  DRAG  PRO  ‘ FCT1LF. 
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projectile 

ballistic  coefficient 

M107  155 

0.51 

M46  130 

0.472 

M62  152 

0.529 

ERFB  155 

0.38 

ERFB  -  BB  155 

0.28 

To  extend  range,  the  drag  must  be  reduced  in  a  large  extent.  The  drag  of  low  drag  extended 
range  projectile  is  about  half  as  large  as  that  of  old  ccmrron  high  explosive  projectile.  If 
the  ballistic  coefficient  is  used  as  standard,  its  variation  is  shown  in  table  6. 

To  extend  range,  initial  velocity  also  must  be  increased,  however,  sensitivity  factors  are  increased 
largely,  the  data  is  given  in  table  7. 

Compare  with  Ml07155mm  projectile,  svo  and  ~q  of  ERFB  155  and  ERFB  -  BB 
155  respective  j  is  increased  2. it.  times  and  5.1  times. 

Secondly,  the  relative  change  of  the  drag  coefficient  or  the  ballistic  coefficient  of  low  drag 
projectile  is  increased  largely.  Define  relative  change  as 
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c 


C 


100% 


(33) 


where  Eli -the  probable  error  of  ballistic  coefficient;  c- ballistic  coefficient;  Ec-the  relative 
change  of  the  dispersion  of  ballistic  coefficient. 

Because  the  ballistic  coefficient  c  of  base  bleed  projectile  is  reduced,  even  if  E<-i  is  maintained 
constant,  El  would  be  reduced,  besides,  because  of  the  base  bleed  unit,  the  drag  dispersion 
of  base  bleed  is  increased,  EC|  of  base  bleed  projectile  is  also  larger  than  that  of  common 
high  explosive  projectile,  and  Ec  would  be  Mill  larger. 


o 


(34) 


aX  aX 

bum  above  lonralis,  because  the  low  ding  projectile  is  added  the  Ixise  bleed  unit,  E.,,  .  y 

arc  increased.  This  problem  is  caused  by  the  low  drag  prox  :tiie  itself,  designers  must  correctly 
deal  with  the  relation  of  extended  range  with  dispersion,  otherwise,  they  would  attend 
to  one  and  neglect  the  other,. 


6.  DEMONSTRATION  AND  DISTRIBUTION  OF  INDEX  OF  PRECISION  Ol 
BASE  BLEED  PROJECTILE 

Under  the'  condition  of  strict  controlling  prccesion  te-sl  ,  the  influ  mce  of  natural 
<-<v  ’  mast  be  about  the  For  tire  extended  range  high  explosive  projectile,  the  del  lcetr-o 
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projectile 

^  1 

o<|>< 

aX 

aC 

M107  155 

28.5 

99.5 

M46  130 

39 

107 

M62  152 

29 

116 

ERFB  155 

62 

220 

ERFB  -  Bo  -  155 

92 

310 

dispersion  is  not  main,  at  the  stage  of  preliminary  design  main  attention  must  be  paid  »o 
the  range  dispersion.  Use  following  formula 
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6.1  Under  the  Condition  of  Precision  Index  of  Common  High  Explosive  Projectile  Known, 
Determination  of  the  Index  of  Precision  of  Base  Bleed  Projectile. 


For  example,  following  data  of  common  high  explosive  projectile;  EVoa.  Ec., 


£_X  aX  aX 

(  )a  ,  (  ~v  ’  ■) a.  Xa,  Ex.,  and  the  data  of  base  bleed  projectile;  (  ~r  ) fc 

(  )  b,  Xb,  are  known,  how  to  determine  Ext/Xb  of  base  bleed  projectile. 
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I -'or  c.uhvciih.'nc''  to  discussion,  firstly,  assume ;  K  r-“  K  ’  K,  K  r~’  K  .>■  1  then 
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(37) 

Xb  K,  X. 

f rom  (  37  )  .  it  is  shown  thai 
F  E 

Xb  X# 

K  =  K5,  ,  or,  the  precision  index  of  base  bleed  projectile  is  same  as 

that  of  high  explosive  projectile. 

E  E 

Xb  Xi 

K>K,  >rX&  •  or*  'l^e  precision  index  of  base  bleed  projectile  is  larger  than  that 

of  high  explosive  projectile. 

E  E 

Xb  x« 

K<Ki,  ^  <^(a"  ’  or*  l^’c  P|CC>s,on  index  of  base  bleed  projectile  is  less  than 
that  of  high  explosive  projectile. 

where,  K  denotes  the  amplification  of  sensitivity  factors  ?v^  ,  aC  ;  K5 

denotes  exend cd  range  rate;  K3  and  K.«  denote  amplification  of  E*.  and  E..  Hence,  some 
conclusions  can  be  obtained;  Under  the  condition  that  E.  tnd  Ec  of  two  kinds  of  projectile 
are  koeped  constant,  if  the  amplification  01"  sensitivity  fact<  >s  is  equal  to  tne  extended  range 
ra.c,  the  precision  index  may  be  keeped  constant.  Taking  ERFB155  and  ERFB  -  BB155  for 

Ex-  Ex. 

example,  K“1.5,  K5”  1.3,  or,  K>K«,  yield-  Xo  Xa 

Above  -  mentioned  discussion  is  made  under  Ev,  Eu.  c.  Eri“  ECb.  In  fact,  E».  Ev.  b  may 
be  received,  but  Ect  is  not  equal  to  E«  generally,  Its  reason  has  been  discussed  above.  V/hen 
demonstrating,  correct  estimating  ECb  is  very  important.  In  terms  of  wind  tunnel  tests 
and  experience,  it  is  reasonable  to  assume  ECb“  (  l. 2—1.4)  Ec.  for  preliminary 
design,  hence 

Ec  =  (1.2  ~  1  Ec  (38) 


take  EREB155  for  example,  (  —  -  )  „=  62,  ( 

?X  0 

1.62.  F=  0.5,  X.-  30000m,  (  --  )  k-*  310,  ( 

result  arc  given  by  calculation  as  follows; 


-  )  62.  .  (  Jq  )  •“  220.  C,=  0.38,  EVoS.. 

)  b-  310.  (  £X  )  b=  92  Cb=  0.28,  X,,=  39000m, 


6  2  Distribution  of  Precision  Index  and  Design 

Next,  put  main  factors  that  af.'cct  precis. on  as  standards,  to  distribute  the  precision 
index,  and  to  design  structure  under  the  condition  of  ensuring  precision  index. 

It  H.,  Kj,  t,  v,„  0  „,  X  arc  known,  step,.  ‘.o  distribute  the  index  and  to  design  are  given 

as  follows: 

(  a  )  Distribution  of  index  and  delcrminali  m  of  disjrorsion  piobable  error  Es<.  ;,  F.,.,  ,  caused 
by  e\er>  factor.  Or. 
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Ezz,  Eza .  Hz, vi  can  be  yielded. 


(  b  )  Determination  of  semsitivity  factors  of  every  factor.  With  c,  v„,  0  „,  sensitivity 

•  Y  sX  iX 

factors  ,  —  -  ,  -  ,  -  of  every  factor  can  t  yielded  via  bllisic  tables  ard  equations. 

(  c)  Determination  of  probable  error  of  dispersion  factory 
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from  above,  Ecbb,  Ej«,  Ev. ,  y  %,  E»,  car  be  determined. 

(d)  Determination  of  probable  error  of  dispersion  of  every  factor  assumed  to  satisfy  needs, 
and  determination  of  the  structure  of  gun  system,  or,  presentation  as  advanced  index  such 
as  Ev, ,  Ecbb.  According  to  the  probable  error  of  the  dispersion  of  every  factor,  when  the 
base  bleed  unit,  propellant  structure,  projectile /gun  s’.ucturc,  etc,  are  considered,  as 
the  result  of  respective  error  of  every  factor  is  reached,  E..  /X  and  Ez  that  statisfy  ncetds 
would  be  obtained.  This  is  the  process  of  combining  theory  and  experiment,  among 
other  some  thcorical  problems  are  not  completely  solve  J  and  satisfactory  results  would 
be  obtained  when  modified  design  and  test  are  taken  agt  in  and  again. 
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ABSTRACT 

The  feasibility  and  performance  of  self  propelled,  gun 
launched  projectiles  bv  means  of  solid  fuel  ramjet  (SFRJ) 
motor  is  studied.  It  is  demonstrated  that  the  SFRJ  can 
provide  remarkable  improvement  of  the  projectile  performance 
without  changing  the  weapon  itself.  Consuming  amount  of 
fuel  which  is  comparable  to  that  of  base  bleed  round,  the 
SFRJ  can  generate  thrust -equal-drag  situation  resulting  in 
more  than  doubling  the  effective  range  compared  to  the 
modest  range  increase  of  the  order  of  20%.  offered  by  base 
bleed  The  much  higher  terminal  velocitv  and  kinetic  energy 
along  with  shorter  flight  time  and  flatter  trajectorv  can 
make  the  SFRJ  projectile  significantly  more  effective, 
particularly  for  air  defense  systems. 


INTRODUCTION 


Increasing  the  terminal  velocity  and  the  range  of  a 
projectile  can  be  done  ov  several  methods:  (a)  by  increasing 
the  muzzle  momentum  of  the  projectile,  lb)  by  reducing  the 
aerodvnamic  drag,  and  <c)  bv  providing  active  propulsion  to 
the  projectile  during  its  flight.  Increased  muzzle 
momentum  can  be  achieved  bv  either  increasing  the  muzzle 
velocity  and/or  the  projectile  mass.  Both  iraplv  changes  in 
the  gun  system  to  accommodate  the  higher  pressure  and 
propellant  amount  involved,  which  actually  mean  a  new  design 
of  the  weapon.  Drag  reduction  can  be  achieved  bv  either  the 
use  of  smaller  cross-section,  high  density  material,  sub¬ 
caliber  projectile,  or  bv  raising  the  base  pressure  closer 
to  the  ambient  pressure  using  injection  of  fluid  (burning  or 
non-burning)  near  the  p’roiectile  base  zone  (so  called  "base 
breed").  Base  drag  is  a  significant  portion  of  the  total 
aerodvnamic  drag,  (whose  other  components  are  skin  friction 
drag  and  fore  or  wave  drag) ,  and  the  most  amenable  to 
change  Nevertheless,  a  maximum  reduction  of  about  25%  of 
the  tots!  drag  can  be  achieved  due  to  the  use  of  base  bleed, 
hence  the  projectile  range  increase  is  typically  limited  to 
approximately  S  to  20%. 

Data  and  correlations  on  the  total  projectile  drag  and  the 
different  drag  components  exhibit  quite  a  spread  although 
reflecting  similar  typical  behavior.  The  total  drag 


coet  t leient  C  ( based  on  the  tree  stream  dynamic  pressure 

and  the  maximum  cross-section  of  the  projectile )  has  a 
relatively  low  value  (approximately  0.1)  in  the  subsonic, 
range  which  increases  sharply  to  reach  a  maximum  ot  0.3-0. 4 
in  the  transonic  ranee  (around  M  =  l. 2-1.3)  and  then  decreases 
monotonicaliv  in  the  sunersonic  flight  ranee.  The  base  drae 


coefficient.  C. 


demonstrates  similar  behavior 


Hudeins  Jr. 


the  following  empirical  correlation  for  versus 


Mach  number 


=  0.306  e 


■0.353  M 


M  =  1-8 


while  Murthv  and  Osborn  (.2  1  correlate  some  experimental  data 
in  the  Mach  number  ranee  of  1.5  to  3.  using  another 
approximation : 

Cr  ,  ^  ?■— -  .  M  ■>  1 . 5  I  2 ) 

°b  M^ 

Summarizing  the  data  and  analvses  in  Refs.  (11- [5]  one  can  see 
that  the  base  drag  component  is  indeed  a  large  portion  of 
the  total  drag  (of  the  order  of  one  third).  See  Fig.  l. 

The  correlation  used  in  this  work  to  represent  the  (total' 
aerodvnamic  drag  coefficient  is  shown  in  Eq .  (3): 


Cq  ■  C  d  b 
).5r 


—  Eq  ( 3 ) 

■-  EMPIRICAL  CORRELATION  [l]  ,  Eq.(  I  ) 

—  EMPIRICAL  CORRELATION  [2  j ,  Eq.  (2) 

—  THEORY  [3] 

•  THEORY  [4] 

—  TEST  RESULTS  [5] 

>>.  2ZZS  C0  Of  C  Db  RANGE 


FIGURE  1.  Typical  variation  of  the  total  and  base 
coefficients  of  projectiles  with  Mach  number. 
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Investigations  on  base  brag  reduction  bv  base  bleed  (usually 

bv  means  of  a  solid  propellant  gas  generator,  so-called 

"fumer").  have  shown  a  decrease  in  the  value  of  C_.  to  50% 

Db 

and  even  less  compared  to  its  original  value  [II.  [4],  [5]. 

The  effect  is  more  pronounced  for  the  supersonic  flight 

range  (  M  >  A  .  5  )  .  The  optimal  situation  (maxi mutt  base  arae 

reduction)  requires,  however .  an  infection  of  gas  amounting 

to  0.030  of  the  reference  flow  rate  m  _  for  cold  gas  (air  I 

ret 

and  to  about  0.013-m  ..  for  hot  gas  [1],  m  ..is  defined  as 

ret  -  ret 


ref 


=  p  U  A 

a  a  max 


(  4  ) 


Illustration  of  a  projectile  with  base  bleed  is  shown  irr 
Fig.  2. 


Active  propulsion  for  projectiles  can  be  done  bv  two  main 
methods:  rocket  motor  (rocket  assisted  projectile,  RAP)  or 
solid  fuel  ramjet  CSFRJ)  motor.  The  rocket  motor  is  a 
simple  and  reliable  propulsion  means,  which  is  independent 
of  flight  conditions.  Its  main  disadvantage  is  its  high 
propellant  consumption  rate  and  low  specific  impulse, 
resulting  in  a  limited  total  momentum  that  can  be  provided 
for  the  projectile  and.  hence,  limited  improvement  in  the 
overall  performance.  In  addition,  the  RAP  operation 
inherently  introduces  larger  trajectory  errors  and 
inaccuracies.  The  RAP  concept  is  shown  in  Fig.  3. 

The  solid  fuel  ramjet  seems  to  be  "naturally  tailored"  to 
the  specific  use  of  propelling  projectiles.  Muz  ’,le 
conditions  provide  the  necessary  high  velocity  needed  for 
the  aerodynamic  compression,  which  is  essential  for  the  SFRJ 
operation.  This  wav  the  gun  system  serves  as  an  economical, 
high  accuracv  accelerator,  avoiding  the  need  for  a  special 
rocket-tvpe  booster  stage.  The  ramjet  motor  then  starts  to 
operate  upon  leaving  the  gun  barrel .  The  main  advantage  of 
ramjet  over  rocket  is  in  its  much  higher  specific  impulse 
(of  the  order  of  800-1000  seconds  versus  200  seconds 
approximately )  resulting  in  a  much  smaller  fuel  consumption 
rate.  Hence,  it  can  provide  much  higher  total  impulse  to 
the  projectile,  applied  as  a  certain  thrust  for  the  inquired 
amount  of  time. 


The  SFRJ  is  the  simplest  air  breathing  engine.  It  does  not 
contain  anv  moving  parts,  valves,  storage  tanks .  or 
injection  systems.  It  consists  of  a  diffuser,  a  combustion 
chamber,  and  a  nozzle.  The  solid  fuel  grain,  tvpicallv  of  a 
hollow  cylinder  shape,  is  placed  in  the  combustion  chamber, 
and  the  incoming  air  flows  through  its  port.  It  should  be 


noted ,  however ,  t  hat  the  SFKJ  ifi  a  more  complex  motor  than 
rocket.  ,  and  its  operation  depends  on  several  factors  that  do 
run  affect,  the  rocket  motor,  such  as  flight.  flach  number . 
density  and  temperature  of  the  atmosphere,  and  the  angle  of 
attack.  Figure  4  presents  the  concept  of  an  SFKJ  projectile 
with  two  difterent  inlet  tvpes :  a  simple  pitot  diffuser  and 
a  higher  performance,  external,  compression  center -body 
d.i  f  1  user  . 


It  is  desirable  that  a  self  propelled  projectile  operates  at 
thrust -equal -dr as  situation.  Such  conditions  imply  a  pure 
(vacuum)  ballistic  trajectory,  enabling  high  precision  and 
sei i  correcting  action  against  winds.  In  general,  the  SFKJ 
motor  compensates  for  variations  in  the  atmosphere  density 
as  a  result  of  the  similar  effect  of  the  density  on  the  drag 
and  the  thrust . 

The  objective  of  this  work  is  to  present  the  operation 
characteristics  of  SFKJ  self-propelled  gun  launched 
projectiles.  It  will  be  shown  that  for  an  amount  of  fuel 
similar  to  the  amount  of  propellant,  needed  for  base  drag 
reduction  bv  base  bleed,  the  superiority  of  the  SFRJ  svstem 
in  terms  of  projectile  performance  is  essential.  The 
thrust-equal-drag  condition  implies  a  constant  flight 
velocity,  more-or-less .  equal  to  the  muzzle  velocity.  This 
situation  results  in  a  number  of  significant  advantages:  (a) 
the  terminal  kinetic  energy  of  the  projectile  remains  equal 
to  that  at  the  muzzle  exit  implying  the  maximum  penetration 
potential .  The  improvement  is  more  pronounced  in  the  case 
of  small  caliber  projectiles  because  of  the  larger  ratio 
between  drag  and  mass.  (b)  The  trajectory  is  flatter  than 
in  regular  rounds,  causing  easier  aiming  and  better 
precision.  (c>  The  time  in  flight  mav  be  much  shorter,  a 
major  advantage  particularly  for  air  defense  systems,  also 
reducing  wind  effects.  (d)  The  range  may  be  increased  by  a 
factor  of  2  and  even  more  (6],  compared  to  a  maximum  range 
increase  of  about  20%  expected  for  based  bleed  projectiles. 

Figure  5  demonstrates  the  striking  superiority  of  a  thrust- 
equal-drag  operation,  which  is  supposed  to  be  achieved  for 
an  SFKJ  projectile,  compared  to  regular  and  base  bleed 
rounds,  regarding  the  velocity,  kinetic  energv .  and  time 
along  the  path.  Calculation  and  data  (71,  [8]  are  presented 

for  a  b . Sb  mm.  3.6  gram  projectile,  with  a  muzzle  velocity 
of  990  m/s . 


THE  SFRJ  PROJECTILE  -  GENERAL  CHARACTERISTICS 

Detailed  configuration  and  notation  characterizing  an  SFRJ 
projectile  having  a  pitot-tvpe  inlet  are  shown  in  Fig.  6. 

An  m  mass  flow  rate  of  air  at  supersonic  flight  speed  u 

and  Mach  number  M_  enters  the  diffUBer  through  a  normal 

d 

shock  wave.  The  resulting  subsonic  flow  is  then  expanding 

from  the  inlet  cross  section  A.  into  the  combustion 

in 

chamber,  1 lowing  through  the  cylindrical  port  (cross  section 
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FIGURE  6.  Geometry  and  notation  of  an  SFRJ  motor  with  a 
pitot  diffuser. 


A  )  of  the  fuel  era  in .  The  inlet  step,  represented  bv  the 
P 

area  ratio  A  /a  .  is  essential  for  flame  stabilization, 
p  m 

especially  at  low  air  temperature  corresponding  to  low 
flight  Mach  number  (up  to  about  M  -3)  [91  -  f ill  The  fuel, 

typicaiiv  a  hvdrocarbon  ( HC )  polvmer,  burns  with  the  air, 
heating  the  gas,  mixture  to  its  stagnation  combustion 
temperature  ,  while  the  surface  regresses  radially  at  a 

typical  regression  rate,  r,  affected  dv  the  air  mass  flux 
through  the  port,  the  inlet  air  temperature,  the  fuel  type, 
and  some  other  operation  parameters  (e.g..  combustor 
geometry  )  . 

Optimal  operation  implies  that  the  exit  pressure  pe  is  equal 

to  the  ambient  pressure  p  (adapted  nozzle).  Maximum  thrust 

3 

at  given  flight  conditions  results  from  a  stoichiometric 
fuel/air  ratio  (equivalence  ratio,  <p~  1). 

A  general  theoretical  plot  of  the  specific  thrust  F/m  and 

3 

the  specific  drag  D/m  versus  Mach  number  can  be  drawn, 

3 

using  the  ratio  between  the  air  capture  area  (A  -A„ )  and  the 

a  l 

maximum  proiectile  cross-section  area  A  as  a  parameter. 

^  max 

The  effect  of  combustion  efficiency  on  the  thrust  can  be 

shown  too  (see  Fig.  7).  In  the  calculation  of  Fig.  7,  a 

hvdroxvi-terminated  poivbutadiene  (HTPB)  fuel  was  ■ ssumed  at 

sea  level  flight  conditions  with  a  pitot  (normal  snock) 

diffuser.  Stagnation  pressure  losses  resulting  from  the 

normal  shock  wave  in  addition  to  5%  losses  from  other 

processes  (eg.  heat  addition)  were  assumed  as  well. 

Somewhat  better  performance  can  be  obtained  from  an  improved 

( center- bodv )  diffuser  (Fig.  H).  The  stagnation  pressure 

losses  of  a  pitot  (normal  shock)  diffuser  and  a  tvpical 

improved  diffuser  (121  are  shown  in  Fig.  9. 
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Aerodvnamic  drae  was  calculated  by 


P  u 
a  a 


A. 

max 


(  10  ) 


where  the  value  of  C  was  obtained  from  Eq  .  (3), 

From  Fins.  /’  and  8  one  can  draw  the  minimum  A  /A  ratio 

a  max 

necessarv  to  obtain  thrust-equal -drag  conditions  at  each 

Mach  number  (Fig.  lu).  Note  that  lower  combustion 

efficiency  implies  .Larger  A  /A  ratio.  Figure  10 

a  max 

demonstrates  the  superiority  of  an  improved  ( center - bodv ) 
diffuser  compared  to  a  pitot  diffuser 


Constraints  on  A  /A  ratio  mav  be  relieved  to  some  extent 

a  max 

by  adding  some  amount  of  oxidizer  to  the  SFRJ  fuel,  therebv 

reducing  the  required  amount  of  air  .  Between  the  two 

limiting  cases,  pure  SFRJ  (only  fuel)  and  pure  rocket  (no 

air),  i.e.  RAP,  lie  the  different  (increasing)  oxidizer 

percentages  imolving  decreasing  l  values.  Figure  11  shows 
■  sp 

the  variations  cP  the  minimum  A  /A  ratio  required  for 

a  max 

thrust-equal-drag  operation  versus  M  for  different  fuel  (or 

Si 

propellant  ) /air  ratios  associated  with  different  oxidizer 
fractions  in  the  fuel,  maintaining  overall  stoichiometric 
fuel(+  oxidizer ) /air  ratio.  HTPB  fuel  and  ammonium- 
perchlorate  (AP)  oxidizer  as  well  as  pitot-tvpe  diffuser 
were  used  in  the  calculations  . 


As  has  been  mentioned  before,  along  with  increasing  the 
specific  thrust  F/m  ,  the  use  of  oxidizer  in  addition  to  the 

fuel  results  in  a  penalty  of  a  reduced  specific  impulse 


FIGURE  10.  Minimum  ratio  of 

air  capture  to  maximum  cross 

section  area.  A  /A 

a  max 

necessarv  to  achieve  thrust- 
equal-drag  conditions  versus 
flight  Mach  number. 


FIGURE  11.  A  /A  ratio 
a  max 

required  for  thrust -equal- 
drag  operation  versus  Mach 

number  demonst  i  at  ing 
decrease  with  increasing 
traction  ot  AP  oxidizer  in 
the  fuel.  Pin  .  diffuser  . 


defined  as: 


rrij-H 

f  -o 

Figure  12  demonstrates  the  variations  in  F/m  .  in  1  .  and 

asp 

in  f  with  the  oxidizer  fraction  in  the  fuel  for  the  specific 

flight  conditions  of  M  =3  at  sea  level,  with  a  pitot  diffuser 

a 

and  r?k  =  90%. 

One  should  be  aware  of  the  fact  that  higher  specific  impulse 

means  mere  economical  use  of  the  fuel  (or  propellant),  i.e.. 

smaller  fuel  consumption  rate  m..  for  the  same  thrust  level. 

r 

For  a  given  mission,  sav .  thrust-equal -drag  operation .  it 
means  longer  burn  time  (and  range)  per  given  amount  of  fuel. 
The  fuel  flow  rate  necessary  to  maintain  thrust-equal -drag 
operation  of  a  proiectile  at  Mach  number  of  3  is  given  in 
Fig.  13  (normalized  bv  a  reference  flow  rate)  as  a  function 
of  the  oxidizer  mass  fraction  in  the  fuel  or  propellant. 

The  two  extreme  cases.  SFRJ  with  pure  fuel  (zero  oxidizer) 
and  pure  rocket  (no  air)  are  obvious.  A  mere  complete  idea 
on  the  fuel  (or  propellant)  flow  rate  necessary  to  maintain 
thrust-equal-  drag,  can  be  revealed  bv  Fig.  14.  showing  the 
variation  of  the  fuel  (or  propellant)  flow  rate  (normalized 
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bv  a  reference  flow  rate)  with  the  flight:  Mach  number  for 
different  fuel -oxidizer  combinations  between  pure  SFRJ 
(f =0.074.  zero  oxidizer)  and  a  pure  rocket  (RAP),  having 
specific  impulse  of  z'3V  s.  For  comparison,  the  tvpical  base 
bleed  operation  ranee  (which  does  not  even  come  close  to 
thrust -equal-drag  conditions)  is  also  shown  in  Fie.  14.  The 
figure  demonstrates  the  remarkable  superiority  of  the  SFRJ 
proiectile  versus  RAP  with  regard  to  fuel  consumption  rate 
(factor  of  approximate]  v  4).  In  addition,  it.  reveals  that 
the  fuel  flow  rate  of  an  SFRJ  proiectile  giving  thrust- 
equal-drag.  is  comparable  and  even  lower  than  tvpical  base 
bleed  flow  rates,  whose  improvement  with  regard  to 
proiectile  performance  is  oniv  a  small  fraction  of  the 
SFRJ ' s  . 


INTERNAL  BALLISTICS  AND  CONSTRAINTS 

The  general  requirements  from  an  SFRJ  proiectile,  as 
presented  in  the  previous  chapter,  should  be  examined  in  the 
light  of  the  internal  ballistics  of  the  SFRJ  motor. 
internal  flow,  combustion  process,  heat  addition,  and 
flameholding  characteristics,  in  addition  to  geometric, 
construction  and  other  constraints  mav .  in  some  cases, 
contradict  the  mission  requirements  (such  as  certain  thrust 
at  given  velocity  and  burning  time),  hence,  questioning  the 
SFRJ  as  a  practical  solution  for  self  propelled  projectiles 
in  certain  conditions. 

The  oasic  operation  limit  is  due  to  flow  choking  in  the 

combustion  chamber  (M  =i)  as  a  result  of  the  heat  addition. 

4 

This  should  set  the  lowest  value  of  the  ratio  between  the 
fuel  port  area  and  the  air  capture  area,  A  /A  .  The 

P  3 

operation  limit  can  be  found  from  the  continuity  equation: 
m,  =  (l+fim,  (12) 

A  d 

taking  into  account  the  heat  addition  in  the  constant  cross 
section  combustor,  and  the  stagnation  pressure  losses 
resulting  from  the  inlet  shock  waves  and  from  the 
combustion  process.  The  calculations  were  made  for  a  pitot 
(normal  shock)  diffuser,  using  thermochemical  code  [13]  to 
compute  the  theoretical  stagnation  combustion  temperature. 
Combustion  efficiency  of  90%  was  assumed  [14], 

Table  1  shows  calculated  values  of  temperatures  and 
pressures  for  a  pitot  diffuser  SFRJ  motor  operating  at  sea 
level  with  ambient  temperature  of  288  K,  and  M  =1 .  HTPB 

fuel  at  stoichiometric  ratio  was  assumed. 


TABLE  1 .  Stagnation  Air  and  Combustion  Temperatures  and 
Stagnation  Pressure  Ratio  Versus  Flight  Mach  Number. 


M 

a 

t  r  k  ] 
oa 

T  ,  l  K  ) 

c .  t  h 

1c(r>br:90%)  1  K1 

-  c/ 

poa 

'J, 

51.8 

2a  71 

22  76 

0 . 59 

3 

806 

2623 

244 1 

0.27 

4 

1210 

2858 

2691 

0.12 

5 

1728 

30  77 

2942 

0 . 054 

Figure  15  presents  the  operation  limits  of  the  SFRJ  motor  in 

terms  of  the  minimum  A  /A  ratio  versus  the  flight  Mach 

pa 

number  M  ,  based  on  the  data  of  Table  1 .  As  can  be  seen 
a 

from  Fig.  15,  the  operation  limit  may  be  even  narrower  for 

small  caliber  projectiles  at  the  lower  Mach  number  ranee  due 

to  the  deteriorating  flameholding  capability,  requiring 

larger  inlet  step  height  under  these  conditions,  as  reported 

bv  Netzer  and  Ganv  [111.  Note  that,  in  general,  smaller 

ratio  A  /A  is  desirable,  since  it  means  that  a  larger 

pa 

amount  of  solid  fuel  can  be  placed  in  the  combustor  volume. 
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FIGURE  15.  Operation  limits  of  an  SFRJ  motor  due  to 
combustor's  liow  choking  and  flameholding  requirements . 


can 


determine  the  fuel 


The  o Deration  limit  in  terms  of  A  /A 

p  a 

burning  rate  and  burning  time  and.  hence,  the  pro iectile 
range  with  active,  thrust-equal -drag  propulsion ,  provided 
that  some  geometric  parameters  are  given . 


Substitu  t  mg 


m ,  =  f 
f 

and 


n 

a 


=  p  „  rrd  Lr 
f  c  p 

one  obtains 


(13) 


(14) 


<  <.  5  ) 


It  is  convenient  to  relate  the  fuel  length  L  and  the 

different  diameters  to  the  pro iectile  diameter,  d  as  a 

max 

basis  for  geometric  similarity. 

The  requirement  for  constant  thrust  at  constant  flight  speed 
implies  fixed  fuel  consumption  rate.  i.e.. 


rd  -  const  =  r  d 

P  o  p  .  o 


( 16) 


The  fuel  burning  time  can 
thickness,  by  integrating 

(external  fuel  diameter): 


then  be  found  from  the  web 

Eq .  (16)  for  d  from  d  to  d 

p  p .  o  c 


d2-d2 
c  p .  o 


4r  d 
o  p .  o 


(  17  ) 


It  should  be  noted  that  Eqs .  (15)  and  (17)  contain  two  free 

parameters:  L/d  and  d  icr  bv  some  manipulations . 
max  c 

d  /d  ).  Those  are  design,  geometric  (construction) 
c  max 

parameters.  For  given  flight  Mach  number  and  similar 
geometric  ratios,  the  initial  value  of  r  is  found  to  be 
independent  of  the  projectile  diameter,  and  inversely 
dependent  on  L/d 

max 


(L/d  ) 
max 


(  10  ) 


where  K  is  a  constant . 

and  d  /d  =0.8  (namelv. 
c  max 

is  107.  of  the  projectile 
fuel  of  p  =0.95  g/cc  and 


In  the  specific  conditions  of  M  =3 

a 

the  combustor  metal  wall  thickness 

diameter  d  ) .  when  using  HTPB 
max 

77,-907..  the  value  of  K  is  found  to 
b  1 


be  aporoxi  mate.l  v  b  mru.'s  .  r  can  be  controlled  bv  chaneinp 

o  _ 

the  ratio  ot  L/ci  .  For  instance,  L/d  -A  elves  r  =2 

max  max  ~  o 

rtim/s.  I’he  value  of  r  should  increase  when  increasing  the 

o 

flight  Mach  number  (up  to  about  8  mm/s  at  M  =5  for  the  same 

a 

eeometrv  and  fuel l .  The  experimental  results  and  empirical 
correlations  of  the  regression  rate  of  an  HTPB-based  fuel 
11.11  indicate  tnat:  the  reauired  regression  rates  mentioned 
above  are  achievable  in  the  typical  conditions,  particularly 
for  small  caliber  projectiles  < e . e .  20  mm > .  Furthermore, 
data  on  small  port  diameter  SFkJ  combustors  [IS]  reveal 
fixed  fuel  consumption  rate  (according  to  the  desirable 
situation  presented  bv  Eq  .  (16))  and.  hence,  constant 

fuei/air  ratio  i  during  the  combustion,  permitting  optimal 
performance  throughout  the  combustor  operation.  Fuel 
regression  rate  was  found  to  be  lower  for  larger  port 
diameter  combustors  [15],  hence,  fast  burning  fuels  should 
be  used  in  such  cases.  In  addition,  regression  rate 
correlations  for  large  port  diameter  fuels  [91,  [161 

indicate  that  the  fuel  consumption  rate  as  well  as  the 
fuel/air  ratio  may  vsrv  a  little  during  the  combustion, 
because  of  the  increase  in  the  port  diameter,  thus  some 
deviations  from  optimal  operation  conditions  may  be 
expected . 

The  burning  time  t,  .  which  is  equivalent  to  the  duration  of 

D 

the  propelled  stage  of  the  flight,  is  one  of  the  most 
important  factors  for  evaluating  the  SFRJ  projectile  svstem. 
For  a  given  flight  speed,  t^  determines  the  propelled  stage 

range.  In  the  case  of  projectiles  flying  at  a  given  Mach 

number  and  bavins  geometric  similarity,  t,  is  found  to  be 

b 

directlv  proportional  to  L/d  and  to  the  projectile 

max 

diameter  d  : 

max 


t.  =  K0f-^ - ]  •  d  (19) 

b  2  id  I  max 
v  max’' 

&  is  a  constant  which,  under  the  specific  conditions  giving 

K  =8  mm/s  has  a  value  of  0.023,  approximately,  when  t^  is 

in  seconds  and  d  in  millimeters.  Table  2  presents  some 

max 

examples  of  calculated  burn  time  results  based  on  the 
combustor  operation  limit  shown  in  Fig.  15. 


Equation  (19)  suggests  that  under  the  same  conditions,  where 
the  firing  angle  is  relatively  small,  the  propelled  stage 
range,  R,  is  approximately: 


d 

max 


(  20  ) 


The  specific  conditions  of  M  = 3  and 

3 

K  523.5.  where  R  is  in  meters  and  d 


d  /d  =0.8  vield 
c  max 

in  mill imeters . 


max 


TABLE  2 .  Example  of  Calculated  Burn-Times  of  SFRJ  Propelled 
Projectiles  at.  Different  Mach  Numbers  and  Normalized  Fuel 
Lengths  . 


caliber 

burn- time.  t.  fs) 
b 

d  f  mm 

max 

,  M  =3 

I  a 

M=5 

L/d  =4  L/d  =6 

max  max 

L/d 

max 

-4  L/d  --6 

max 

20 

1.8  2.8 

1 . 0 

1 . 5 

A0 

3.7  5.5 

2 . 0 

3 . 0 

105 

9.7  1 4 . 5 

5.2 

7 . 9 

Although  the  burn-time  is  significantly  affected  bv  the 
flight  Mach  number,  the  effect  of  Mach  number  on  the  range 
is  onlv  secondarv.  as  the  range  is  a  product  of  t.^  and  u^. 

Mote  that  more  severe  constraints  are  imposed  on  the  SFRJ 

combustor  for  d  <10  mm  because  of  flameholding  deterioration 
P 

in  smaller  port  diameter  motors  [ll].  In  such  cases  shorter 
burn-time  and  range  are  expected.  of  10  mm  corresponds 

to  projectile  caliber  of  about  20  mm  ( it  was  found  that 

d  .  %  0 . 5  d  ).  Flamehoidine  constraints  associated  with 
p.mxn  max 

the  inlet  air  temperature  effect  could  also  cause 
difficulties  in  achieving  the  performance  predicted  by  the 
combustor  choking  limit  in  the  lower  Mach  number  range.  For 
instance,  at  Mach  2,  even  combustors  with  fuel  port  diameter 
as  large  as  100  ram  may  yield  somewhat  lower  performance. 

Figure  16  presents  the  predicted  propelled  flight  range 
versus  the  projectile  caliber  for  SFRJ  projectiles  of 


FIGURE  lb.  Calculated  propel  >d  stage  range  of  SFRJ 

projectiles  having  geometric  similarity  versus  projectile 

caliber  d  for  different  fuel  lenEth  to  croiectile 
max  ... 

diameter  ratios.  M  =3. 

a 


p.itot  diffuser.  rj^=90%. 


different  L/d  ratios  flving  at  Mach  3  (see  Eq  .  (20)). 

max 

Note  that  operation  constraints  can  be  eased  when  using 

iarger  L/d  ratios.  Both  propelled  staee  time  and  ranee 
max 

grow  linearly  with  the  fuel  length  to  projectile  diameter 
ratio.  In  this  respect  it  is  desirable  that  SFRJ  pro¬ 
jectiles  have  as  large  as  possible  length  to  diameter  ratio. 


CONCLUDING  REMARKS 

Solid  fuel  ramjet  (SFRJ)  propulsion  can  offer  a  remarkable 
improvement  in  projectile  performance  in  terms  of  terminal 
velocity,  kinetic  energy,  and  range.  It  can  also 
shorten  the  flight,  time  and  flatten  the  traiectorv  for  a 
given  range,  thus  making  aiming  easier  and  increasing  hit 
probability,  particularly  in  air  defense  operations.  The 
SFRJ  propulsion  can  provide  thrust-equal  -drag  operation  for 
much  longer  flight  time  and  range  than  those  encountered  in 
rocket  assisted  projectiles  (RAP).  The  performance 
superioritv  of  the  SFRJ  is  especially  striking  when  being 
compared  to  base  bleed  projectiles.  For  approximately  the 
same  fuel  (or  propellant)  mass  flow  rate,  the  former  can 
double  or  even  triple  the  effective  projectile  range,  while 
the  latter  can  onlv  cancel  approximately  25%  of  the  overall 
drag  by  reducing  the  base  drag,  thus  can  offer  a  modest 
increase  of  about  20%  in  the  Drojectile  range. 

It  should  be  noted,  however,  that  the  SFRJ  projectile  is  not 
onlv  more  complicated,  but  also  has  some  inherent  operation 
constraints  resulting  in  poor  volumetric  efficiency  of  the 
fuel .  This  is  due  to  the  empty  port  volume  required  as  well 
as  because  of  the  much  lower  fuel  density  in  the  SFRJ.  As 
a  result  the  effective  fuel  volume  in  the  SFRJ  will  be  about 
three  times  larger  than  that  of  a  base  bleed  propellant 
having  similar  mass.  This  may  require  projectiles  of  length 
to  diameter  ratios  larger  than  usual. 

One  should  also  bear  in  mind,  that  more  severe  operation 
constraints  may  be  encountered  in  small  caliber  SFRJ 
projectiles  due  to  deterioration  of  the  combustor's 
f lamehoiding  capability. 
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NOMENCLATURE 
A  cross  section  area 

0^  specific  heat  at  constant  pressure 

C^  drag  coefficient 

d  diameter 

D  drag  force 


kinetic  energy 

fuel /air  ratio 
thrust 

standard  gravity  acceleration 

specific  impulse 

constant  ( Eq .  (18)) 

constant  ( Eq .  (19)) 

constant  ( Eq .  ( 20 ) ) 

fuel  grain  length 

mass  flow  rate 
Mach  number 
pressure 

fuel  regression  rate 
range 
time 

velocity 

specific  heat  ratio 
combustion  efficiencv 

density 

equivalence  ratio 
Subscripts 

1  station  behind  inlet  normal  shock 

2  station  at  the  beginning  of  combustor 

4  station  at  the  end  of  fuel  grain 

a  ambient  (or  flight)  conditions:  air 

b  base  conditions:  burning 

c  stagnation  conditions  at  combustor  end 

e  nozzle  exit  plane 

f  fuel 

in  combustor  inlet 

max  maximum.-  largest  projectile  cross  section 
min  minimum 

c  stagnation  (total)  conditions:  initial 

p  fuel  port 

ref  reference  (Eq.  (4i> 

th  theoretical 

REFERENCES 

1.  Hudgins,  Jr..  H.  E . .  Range  Increase  of  Projectiles  by 
Heat  and/or  Mass  Addition  to  Base  or  External  Flow,  in 
Aer od\j nctm. ics  of  Hols**  Combustion,  Progress  in 
Astronautics  and  Aeronautics.  Vol .  40.  eds .  S.N.B. 
Murthv.  J.R.  Osborn.  A.W.  Barrows,  and  J.R.  Ward,  pp . 
495-521.  AIAA .  New  York.  NY.  1976. 

2.  Murthv.  S.  N.  B.  and  Osborn.  J.  R. .  Base  Flow  Phenomena 

With  and  Without  Injection:  Experimental  Results, 
Theories  and  Bibliographv .  in  Aerodynamic s  of  Bass 
Combustion,  Progress  in  Astronautics  and  Aeronautics. 
Vol.  40.  eds.  S.N.B.  Murthv.  J.R.  Osborn.  A.W.  Barrows 
and  J.R  Ward,  pp .  7-210.  AIAA.  New  York.  NY.  1976. 


f 

F 

R 


'  O 

r 

sp 


Ki 

K_ 


K3 


m 

M 

p 

r 

R 

t 

u 

r 

p 

<P 


I 

1 


Chow.  W  .  L.  .  H < 1 1 -. ( :  Pressure  of  a  Pro.iect.iIe  within  the 
Transonic:  Flight  Regime ,  AIAA  J.  .  Vo  1.  23.  No.  3,  pp . 

3 88-395.  M  a  r c  h  1 9 8  S . 

4.  Schilling.  H . .  A  Simple  Theoretical  Approach  for  BAse 

Bleed  Calculations.  Proc .  9  th  Int.  Symposium  on 

Ballistics,  pp .  2-59  to  2-66.  1986. 

5.  El  mend  or  f .  T.  A.  and  Trifiletti.  R .  A.  .  Gas;  Generators 

for  Base  Drag  Reduction  (Fumers).  in  Aerodynamics  of 
Base  Combustion,  Progress  in  Astronautics  and 
Aeronautics.  Vol .  40,  eds .  S.N.B.  Murthv ,  J.R.  Osborn. 

A.W.  Barrows  and  J.R.  Ward,  pp .  471-486,  AIAA.  New 

York.  NY,  3976. 

6.  Rink.  M.R..  Aerodynamic  Properties  of  an  Advanced 

Indirect  Fire  System  (AIFS)  Projectile.  Journal  of 
Spacecraft  and  Rockets .  Vol.  19.  No.  1.  pp .  36-40. 

1982  . 

7.  Barrows,  A.  W.,  Drag  Reducing  Fumers .  in  Aerodynamics 
of  Base  Combustion,  Progress  in  Astronautics  and 
Aeronautics.  Vol.  40.  eds.  S.N.B.  Murthy,  J.R.  Osborn. 
A.W.  Barrows  and  J.R.  Wood,  pp .  1-6,  AIAA.  New  York, 

NY.  1976. 

8.  Kwatnoski.  R..  Drag-Reducing  Fumer  as  a  Tool  in 
Ammunition  Design,  in  Aerodynamics  of  Base  Combustion, 
Progress  in  Astronautics  and  Aeronautics.  Vol.  40. 
eds.  S.N.B.  Murthy,  J.R.  Osborn.  A.W.  Barrows  and  J.R. 
Ward.  pp.  487-494.  AIAA.  New  York,  NY,  1976. 

9.  United  Technologies  Chemical  Svstems .  Solid  Fuel 
Ram iet . 

10.  Schulte.  G..  Fuel  Regression  and  Flame  Stabilization 
Studies  of  Solid  Fuel  Ramjets.  Journal  of  Propulsion 
and  Power.  Vol.  2.  No.  4.  pp .  301-304,  Julv-Aug.  1986. 

11.  Netzer .  A.  and  Ganv .  A..  Burning  and  Flameholding 
Characteristics  cf  a  Miniature  Solid  Fuel  Ramjet 
Combustor.  AIAA  Paper  88-3044.  24th  Joint  Propulsion 
Conference.  Julv  1988. 

12.  Kinroth.  G.  D.  and  Anderson,  W.  R. .  RamJe,  Design 

Handbook.  CPI  A  Publication  319.  p.  2-17.  1980. 

13.  Cruise.  D.  R. .  Theoretical  Computations  of  Equilibrium 
Compositions.  Thermodynamic  Properties,  and 
Performance  Cnaracteristics  of  Propellant  Svstems. 
NWC-TP-6037 .  Naval  Weapons  Center.  China  Lake.  CA.1919. 

14.  Zvuloni  .  R..  Lew.  Y.  and  Ganv.  a..  Investigation  of  a 

Small  Solid  Fuel  Ramjet  Combustor.  Journal  of 
Pi'opulsinn  and  Power,  vol.  5.  1989  (in  press). 

15.  Zvuloni.  R. .  Ganv.  A.  and  Lew ,  Y. .  Geometric  Effects 

on  the  Comoustion  in  Solid  Fuel  Ramjets.  Journal  of 
Propulsion  and  Power.  Vol.  4.  1988  (in  press). 

16.  Madv .  C . J . .  Hickev.  P. J.  and  Netzer.  D.W. .  Combustion 

Behavior  of  3oiicl  Fuel  Ramjets.  Journal  of  Spaces  1  aft 
and  Rockets  Vol  IS.  No.  3.  pp.  1.31-132.  1978. 


BASE  BLEED  SOLID  PROPELLANT 

PROPERTIES  AND  PRQCESSIBILITY  FOR  INDUSTRIAL  SOLID  PROPELLANT 


GAUCHOUX  Jacques  -  COUPEZ  Dominique  -  LECOUSTRK  Max 

S.N.P.E  St  Medard 
33160  St  MEDARD  en  JALI  ES 


ABSTRACT 


Composite  solid  propellants  were  studied  in  order  to  obtain  optimized 
propellant  with  good  properties  and  processibility  required  for  base 
bleed  applications.  HTPB  propellant  with  Ammonium  Perchlorate  oxydizer 
ratio  from  70  up  to  80  %  loading  is  selected  after  thermodynamical 
calculations. 

This  paper  describes  the  mechanical  and  ballistic  properties  of  the 
optimized  propellant  and  the  importance  of  each  parameter. 


INTRODUCTION 


The  base  bleed  effect  increases  the  shell  raYsge  by  reducing  the  projec¬ 
tile  base  drag.  The  system  consists  in  injecting  hot  and  reductive 
propellant  gases  at  the  shell  base. 

Before  experimental  investigations,  the  propellant  specialist  determines 
the  burning  gas  theoretical  composition  and  the  temperature  with  the 
help  of  classical  thermodynamical  calculations. 

During  the  following  experimental  propellant  optimization,  he  looks  more 
particularly  : 

-  To  obtain  a  propellant  grain  with  appropriated  mechanical  proper¬ 
ties  in  order  to  ensure  structural  integrity  during  gun  firing 
tests . 

-  To  give  the  required  burning  rate  under  sub-atmospheric  pres¬ 
sure. 

-  To  reduce  production  costs  due  to  mixing  time  and  tooling  immo¬ 
bilization  . 

Then,  the  optimized  propellant  is  incorporated  into  an  industrial  context 
to  satisfy  technical  and  economical  requirements  in  order  to  get  a  base 
bleed  generator  with  the  best  performances  at  the  best  cost. 


THEORETICAL  EVALUATION 


Propellant  formulation  evaluations  were  performed  initially  with  thermo¬ 
dynamical  program.  Optimum  oxidizer  loadings  wer-e  determined  with  the 
used  polymeric  binder  system.  The  optimization  was  based  on  the  heat 
of  combustion,  density,  and  fuel  ratio. 

Propellants  based  on  initial  formulations  were  mixed,  and  Strand  Burn¬ 
ing  rate,  mechanical  properties,  and  density  determined. 

From  these  initial  formulations,  additional  modifications  were  introduced 
to  evaluate  the  burning  rate  range  capability  and  mechanical  properties 
improvement.  Working  life  evaluations  were  also  performed. 


THERMODYNAMICAL  PROPERTIES 


The  type  of  composite  propellant  is  composed  of  a  polymeric  binder 
(here  a  HTPB)  loaded  with  an  oxidizer,  the  ammonium  perchlorate.  Some 
additives  like  bonding  agent,  ballistic  catalyst  and  curing  agent  and 
generally  an  amount  of  heat  allow  to  obtain  the  final  propellant  material. 

Composition  of  base  bleed  propellant  (ex  :  Filler  AP  :  80  wt  %) 


Ingredient  Weight  % 

Binder,  HTBP  18 

Antioxydant  0,4 

Bonding  agent  0,1 

Curing  agent  1,4 

Catalyst  0,1 

Oxydizer  80 


The  propellant  combustion  delivers  some  gazeous,  liquid  and  solid 
species  that  we  are  able  to  compute  with  a  good  level  of  accuracy. 

The  thermodynamical  characteristics  are  : 

-  C  :  13,63  At.G/kg 

-  II  :  49,75 

-  O  :  28,08 

-  N  :  6,81 

-  Cl  :  6,81 


These  significant  products  of  combustion  are  gazeous  and  characterized 
by  : 

-  Heat  of  combustion  :  T^  :  2370°  (in  chamber) 

-  Density  :  0?  :  1593  G/cni^ 


The  program  delivers  also 
for  ballistic  requirements  : 
-  Isentropic  coefficient 


some  other  parameters  more  communly  used 
:  y 


-  Flow  coefficient 

-  Characteristic  velocity 


<: 


D. 

c* 


Where  :  C 


D 


F  ( Y  ) 


rri  c* 


with  F  ( t  )  :  function  of  the  isentropic  coefficient 
R  .  perfect  gaz  constant 


Y 


All  these  parameters  mainly  depend  on  the  percentage  of  oxidizer  and 
binder. 


VISCOSITY  OF  COMPOSITE  SOI, ID  PROPELLANT  SLURRY 

The  viscosity  of  composite  solid  propellant  slurry  is  an  important  para¬ 
meter  to  the  processability  and  castability  behaviours.  It  is  affected  not 
only  by  the  binder,  but  also  by  the  size,  content,  shape  and  surface 
properties  of  solid  fillers  in  propellant. 

Brookfield  viscosimeter  is  used  to  measure  the  slurry  viscosity.  First  it 
was  evaluated  for  process  temperature  specified  for  end-of-mix. 

The  viscosity  of  the  selected  propellant  is  less  than  15  Kp  at  the  end  of 
mix,  for  40° C  temperature.  These  low  viscosity  is  remained  over  a  eight 
hour  period. 

Figures  1  and  2  shows  these  results. 

The  viscosity  of  propellant  slurry  is  significantly  affected  by  the  end- 
of-mix  temperature,  the  ratio  of  particle  size  and  the  ratio  of  content 
between  coarse  and  fine  particles. 


FIGURE  1  -  Viscosity  of  the  uncured  propellant  slurry  versus  time  and 
different  temperatures 


FIGURE  2  -  Viscosity  of  propellant  slurry  for  different  filler  ratio 
and  AP  distributions 


MECHANICAL  PROPERTIES 

Due  to  the  high  acceleration  of  the  projectile  longitudinal  strains  are 
developed  in  the  bore  of  the  grain.  The  propellant  must  therefore  have 
a  high  flexibility  and  ultimate  tensile  strain  limit. 

Mechanical  characteristics  mainly  depend  on  the  binder  but  also  on  the 
particle  size  and  on  the  adhesion  between  particles  and  binder. 

They  vary  with  temperature  and  stress  rate  or  strain  in  such  a  way 
that  a  time  temperature  equivalence  has  been  determined  for  each  type 
of  binder.  A  shift  factor  aT  gives  mechanical  characteristics  at  every 
temperature  T  if  they  are  known  in  standard  conditions  at  20°C.  All 
meehanica'  properties  (ultimate  strenght.  Sm,  elastic  modulus.  E, 
deformatio  at  maximum  strength,  em)  are  related  to  the  number  t/aT 
which  takes  into  account  the  time  of  application  of  stress  t  and  the 
shift  factor  aT. 


The  tensible  tests  are  carried  out  with  JANAF  specimen  and 
properties  defined  according  to  Figure  3. 
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FIGURE  3  -  Example  for  mechanical  behaviour  of  propellant 


MECHANICAL  CHARACTERISTICS  OPTIMIZATION 


The  combination  of  HTPB/AP  is  a  current  composite  propellant  composi¬ 
tion,  giving  high  performance,  long  service  life  and  low  cost.  The 
nature  of  the  fuel-binder  allows  high  concentration  of  solid  filler  and 
good  anti -aging  characteristics  has  greatly  extended  the  solid  rocket 
technology.  Therefore,  the  addition  of  a  bonding  agent  is  essential  to 
ensure  the  improved  interaction  at  the  binder- filler  interface  and  tc 
have  best  mechanical  property  behaviour. 

HTPB  binder  is  hydroxylated  polymeric  material  and,  as  such-,  is  cura¬ 
ble  using  isocyanates  To  reduce  the  moisture  sensitivity  of  the  curing 
reaction,  isophorone  diisocyanate  (IPD1)  was  selected  as  the  primary 
curing  agent  to  be  evaluated.  To  achieve  sufficient  mechanical  proper¬ 
ties  of  the  propellant  the  curing  ratio  (NCO/OH)  ranging  from  0,85  :  1 
up  to  0,95  :  1  were  evaluated. 

Laboratory  testing  resulted  in  the  selection  of  the  effects  of  : 

Binder  variation,  including  bonding  agents. 

Curing  agent  and  AP  oxidizer  distribution. 

Burning  rate  catalyst. 

A  series  of  formulations  having  the  required  burning  rale  were  develo¬ 
ped,  and  selected  for  evaluation  in  intermediate-scale  propellant  mixes. 
All  these  parameters  were  varied  to  assure  selection  of  the  formulation 
with  the  highest  possible  strain  capability  and  optimum  processing 
characteristics . 

Propellant  from  this  effort  have  been  successfully  scaled  up  to  the  300 
Gallon  mixer,  and  the  effect  of  mixer  size  and  process  on  propellant 
processing,  mechanical  properties  and  babstic  properties  have  been  eva¬ 
luated  . 

Some  examples  :  optimization  for  some  parameters.  Effects  of  oxidizes 
particule  size,  curing  ratio  and  bonding  agent  ratio.  Tables  1,  2,  3. 

We  present  also  the  mechanical  properties  versus  temperatures  and 
stress  or  strain  rate  on  selected  propellant.  Table  4. 


Cm„ig  ratio,  NCO  : 

OH 

Characteristics 

0,90 

1 

Maximum  tensile  strengh  : 

Sm  (MPa)  at  +  20° 

1,4 

1,4 

3,4 

1,4 

Elastic  modulus  :  E  (MPa) 

4 

4 

3,3 

1,6 

Strain  at  maximum  tensile  (%)  : 
cm 

40 

90 

80 

140 

TABLE  1  -  Curing  ratio  effects  on  mechanical  characteristics 


Characteristics 

_ 

Oxidizer  loading  (%) 

70 

75 

1  1 

D :  30 

D:35 

A:  65 

A:  55 

b:  53 

D  :40 

Particule  size  distribution 

F:40 

F:40 

F :  10 

F :  20 

F :  27 

F:40 

Curing  ratio  (NCO  :  OH) 

0,90 

0,90 

0,90 

0,95 

0,94 

0,85 

Maximum  tensile  strengh  : 

Sm  (MPa) 

1,4 

2 

1,1 

1 

1,4 

1.8 

Elastic  modulus  :  E  (MPa) 

4 

8 

8 

8 

11 

7 

Strain  at  maximum  tensile  (%)  : 

em 

90 

50 

50 

24 

31 

42 

TABLE  2  -  Oxidizer  loading  and  partieule  size  distribution  on  mechani¬ 
cal  characteristics 


Characteristics 

Bouding  agent  ratio  (%) 

0,5 

0,3 

0,1 

0 

Maximale  tensile  strengh  :  Sm  (MPa) 
at  +  20°C 

2 

1,6 

1,4 

1,2 

Elastic  modulus  :  E  (MPa) 

8 

7 

8 

8 

Strain  at  maximum  tensile  (%)  :  em 

50 

47 

36 

32 

TABLE  3  -  Bonding  agent  ratio  on  mechanical  characteristics 


Temp. 

R 

Sm 

Eps 

E.tg 

em 

er 

;c) 

(rnm/mn) 

(MPa) 

(%) 

(mp8) 

(%) 

(%) 

mm 

1 

6,46 

1 

16,9 

20,3 

■i. 

8,30 

11,8 

12,3 

-  60 

500 

9,77 

4.0 

8,0 

8.7 

+  20 

1 

1,40 

30,3 

4,64 

38,1 

38,9 

+  20 

1,93 

31,6 

6,10 

52,2 

56,2 

+  20 

500 

2,36 

28,9 

8,16 

56,5 

66,8 

+  40 

1 

1  J  1 

29,8 

3,59 

39,2 

40,0 

+  40 

32,7 

4,62 

52,1 

55,2 

+  40 

500 

.  . : 

30,9 

C  ,  97 

54,5 

66,2 

_ 

TABLE  4  -  Mechanical  characteristics  versus  temperatures  and  strain 
rate  for  a  selected  propellant 


BALLISTIC  PROPERTIES 

Ballistic  properties  are  defined  by  the  burning  rate  cf  the  propellant 
which  depend  mainly  on  the  particles  ratio  and  sizes  and  on  the  quan¬ 
tity  of  ballistic  additives  (accelerators). 

Besides,  the  burring  rate  is  also  j  report iomml  to  the  initial  temperatu¬ 
re  of  the  propellant. 


The  equation  of  the  burning  rate  is  : 

7  n 

Vb  =  ap 

Where  a  and  n  are  the  characteristics  of  the  propellant. 


Pressure 

FIGURE  4  -  Burning  rate  versus  pressure 

The  burning  rate  of  the  propellant,  in  our  case,  is  measured  by  the 
"Strand  Burner"  method,  in  nitrogen,  and  in  a  large  range  of  atmos¬ 
pheric  and  subatmospheric  pressures. 

At  the  ambien*  temperature,  the  range  of  the  burning  rate  roust  be 
0,9  <  V  <  1,5  (rara/s) 

This  range  is  optimized  for  different  propellant  grain  dimensions. 

\ 

The  experimental  propellant,  in  atmospheric  pressure  and  T°  =  20°C,  is 

selected  for  V  =1,22  mm/s. 
c 

Figure  5  shows  experimental  results  burning  rate  versus  pressure. 


FIGURE  5  -  Burning  rate  versus  pressure 


BURNING  RATE  OPTIMIZATION 

In  general,  the  binder  has  a  relatively  small  influence  on  the  burning 
rate. 

The  burning  rate  is  governed  more  particularly  by  the  ammonium  per¬ 
chlorate-  { A P )  oxidizer. 

The  investigations  on  the  oxidizer  are  : 

oxidizer  ratio  (Filler  ratio) 

particule  size  distribution 

mrticule  size  diameter  {0  ) 

m 

Some  additives  govern  also  the  burning  rate  : 

Ballistic  catalyst 
Carbon  Blaeb 


If  the  ballistic  catalyst  is  a  burning  rate  adjuster,  the  carbon  black  is 
an  opacifier,  which  decreases  reflectivity  and  increase  radiative  absorp¬ 
tion  at  propellant  surface.  He  cannot  be  recognized  to  be  an  active 
catalyst  particularly  at  subatmospheric  pressures. 

.  Effect  of  the  filler  ratio 


Filler  ratio  is  chosen,  essentially,  on  the  base  of  the  thermodynamical 
calculations.  To  obtain  the  required  burning  rate  it  is  necessary  to 
optimize  the  other  parameters. 

Particle  size  distribution 
Balistic  catalyst  ratio 

Table  5  shows  the  results  for  constant  burning  rate. 


Characteristics 

Filler  ratio  (%) 

70 

75 

80 

Particole  size  distribution 

0:30 

D:35 

A:  65 

A:55 

b:53 

D:40 

F:40 

F:  40 

F:10 

F:20 

F:27 

F:40 

Burning  rate  (mm/s) 

1,25 

1,26 

1,22 

1,27 

1,25 

1,22 

Ballistic  catalyst  ratio  (%) 

0,75 

0,2 

4 

2,5 

0,5 

0 

....  — 

TABLE  5  -  Effects  of  filler  ratio,  particule  size  distribution  and  ballis¬ 
tic  catalyst  ratio  at  constant  burning  rate 


•  Effect  of  particule  size  distribution 

Particle  size  distribution  is  optimized  for  give  the  required  burning 
rate,  in  first,  but  also  for  a  good  processability.  For  a  constant  bur¬ 
ning  rate  if  it  is  directly  dependant  of  the  average  particle  size,  it  is 
also  in  relation  with  balistic  catalyst  ratio.  See  results  table  5. 

.  Effects  of  ballistic  catalyst  ratio  versus  particle  size  distribution 

Particle  size  distribution  used  in  this  propellant  is  a  bimodal  blend 
using  10  and  90  p.  or  10  and  200  p. 

The  results  are  shown  on  figure  6. 

For  the  required  burning  rate,  all  these  parameter  were  correlated  and 
used  to  determine  along  the  constant  burn  line  the  best  distribution 
which  gives  the  minimum  mix  viscosity  and  longer  pot  life  for  better 
casting  if  the  grain. 


FIGURE  C  -  Effects  of  particle  size  distribution  and  ballistic  catalyst 
ratio  on  burning  rate 


HAZARDS  AND  SAFETY 

The  identification  and  evaluation  of  hazards  and  pyrotechnic  effects  in 
manufacturing  solid  propellants  are  necessary. 

Consideration  of  the  ignition  consequences  suggests  modifications  of 
process  conditions  or  plant  instruction  to  minimize  risk  to  personnel, 
facilities,  and  product.  Attempts  to  estimate  the  probable  hazards  of 
handling  a  new  propellant  were  based  on  correlation  of  available  test 
data  with  that  of  materials  which  had  been  processeu  successfully. 

The  results  of  different  tests  made  on  the  optimized  propellant  are 
shown  in  xubie  8. 


.  Autoignition  temperature 
.  Impact  sensitivity  (High  energy  Shock) 

.  Impact  sensitivity  (Julius  Peters  Appartus) 

.  Friction  sensitivity 

.  Regression  Speed  (burning  rate)  at  Patm 
.  Detonability 
.  Electrostatic  sensitivity 

•  Process  and  processibility 

The  composite  solid  propellant  manu  icturing  system  is  shown  in  table 
7.  It  is  a  typical  block  flow  diagram.  Noting  that  processability  is  an 
important  factor  in  propellant  formulation  which  processibility  deter¬ 
mination  is  a  function  of  the  rheology  of  the  propellant. 

The  different  steps  in  propellant  processing  are  binder  preparation , 
oxidizes  preparation,  propellant  mixing,  casting  and  curing.  Processing 
differences  between  size  mixes  are  a  source  of  propellant  variation. 
Frequently  a  new  mixing  cycle  is  optimized  for  each  size  mixer  or  type 
(Sigma  or  Vertical).  After  optimization  of  the  required  specifications 
propellant,  for  one  mixing  cycle  adapted  to  one  size  mixer,  the  propel¬ 
lant  processing  parameters  are  selected  . 

In  our  application  and  with  different  size  industrial  mixes  since  5. 
Gallons  to  300  Gallons  we  have  developed  and  demonstrated  the  feasibi- 
lite  of  an  HTPB  propellant  for  Base-Bleed  applications,  and  with  a  low 
cost  owing  to  the  fact  that  we  obtain  many  thousan  grains  by  batch. 


278°C 
>  4  meters 
11  Joules 
203  Newton 

<  1,6  mm/s 

<  1  card 

No  sensitive 


TABLE  7  -  Composite  solid  propellant  processing; 


CONCLUSION 

Based  on  the  initial  formulations  and  the  success  of  their  foregoing 
evaluations  a  large-scale  mix  was  prepared  from  horizontal  mixer  for 
1000  kgs  and  Vertical  "DAY”  mixer  for  2 4 JO  kgs. 

From  these  initial  formulations ,  addit  mal  modifications  were  introduced 
to  evaluate  process  and  processibility  of  the  propellant.  Rheological 
properties,  burning  rate  range  capability  and  mechanical  properties 
improvement  were  evaluated. 

High  volume  manufactoring  have  been  conducted  to  provide  reproduc¬ 
tible  process  required  for  the  production  of  large  quantities  of  base- 
bleed  composite  grain  a*  low  cost. 
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ABSTRACT 


Concerning  shell  external  ballistics,  different  technical  solutons  are 
studied  in  order  to  improve  aerodynamic  performance  of  a  shell.  The 
solution  named  base  bleed  consists  in  injecting  a  hot  gas  it  a  lov; 
velocity  intc  the  depressional  flow  area. 

Preliminary  design  of  a  base  bleed  propellant,  grain  has  to  satisfy 
requirements  generally  expressed  as  a  shell  range  increase  regarding 
available  grain  volume.  In  order  to  adapt  the  propellant  grain  ballistic 
performance  to  the  shell  trajectory  conditions,  two  different  investiga¬ 
tions  have  been  developed.  The  first  investigation  is  essentially  theore¬ 
tical  and  consists  in  computer  simulations  of  the  flowfield  near  the  shell 
base  with  and  without  effect  of  subsonic  injection. 

The  second  investigation  is  more  empirical  and  consists  in  analysing  the 
shell  velocity  evolution  by  means  of  radar  measurements  in  order  to 
determine  drag  reduction  factor  due  to  the  base  bleed  effect.  The  or¬ 
ganization  of  the  developed  ballistic  computer  codes  and  some  results 
are  described  in  this  paper.  The  results  of  the  two  studies  give 
ballistic  data  necessary  for  simulations  of  base  bleed  shell  trajectories. 


NOMENCLATURE 


Theoretical  approach 
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turbulence  model  parameters 
specific  heat  at  constant  pressure 
diameter  of  projectile 
diameter  of  exhaust  port 
mixing  ratio 
total  enthalpy 
turbulent  energy 
projectile  Mach  Number 
molar  mass  of  specie  K 
base  pressure 
local  pressure 
ambiant  pressure 
lass  flow  rate 
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constant  of  perfect  gases 
source  term 
temperature  of  gas 

stagnation  temperature  of  base  bleed  gas 
cartesien  velocity  components' 
cylindrical  coordinates 
molar  concentration  of  specie  K 
altitude 

mass  fraction  of  specie  K 
dissipation  rate 
density  of  gas 
dependent  variable 
turbulent  exchange  coefficient 
eddy  viscosity 
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turbulent  Prandtl  number 


Empirical  approach 
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total  drag  coefficient 

total  drag  coefficient  without  base  bleed  effect 

base  drag  coefficient  without  base  bleed  effect 

base  drag  reduction  factor 

acceleration  of  gravity 

injection  parameter 

projectile  mass 

rnach  number  of  projectile 

burning  rate 

propellant  burning  area 

reference  area  and  base  area  of  projectile 

projectile  velocity 

range,  altitude 

air  density 

propellant  density 

trajectory  angle 


1  .  INTRODUCTION 


When  a  shell  manufacturer  designs  a  new  projectile  with  a  base  bleed 
device,  the  requirements  are  expressed  as  a  shell  range  increase 
according  with  the  available  grain  volume.  The  first  step  in  the 
preliminary  design  of  a  base  bleed  grain  is  to  derive  propellant  grain 
configuration  from  shell  performance.  The  designer  has  first  to  select  a 
grain  internal  shape  and  a  propellant.  Figure  1.  shows  general  archi¬ 
tecture  of  a  new  base  bleed  gi-ain  analysis. 


Grain 


internal  shape 


Base  bleed  configuration"] 


JO 


Base  flow  calculation 


f~Shell  velocity  analysis 


Base  drag  reduction  model 


Trajectory  prediction 


FIGURE  1.  Main  flow  chart 

This  paper  presents  the  work  performed  in  our  company  on  different 
methods  to  establish  and  to  complete  a  base  drag  reduction  model. 

The  theoretical  approach  starts  with  calculation  of  propellant  thermo- 
chemical  properties  [  1  ] .  These  calculated  data  are  input  data  to  simulate 
afterwards  base  flows  with  base  bleed  effect. 

The  computer  code  used  to  simulate  base  flow  solves  Navier-Stokes 
equations  in  cylindrical  coordinates  including  a  (k- £  )  turbulence  model. 
A  combustion  model  has  also  been  developed  in  order  to  analyse  the 
effect  of  propellant  gas  afterburning  in  ambient  air.  To  simulate  opera¬ 
ting  conditions  of  a  base  bleed  gas  generator,  calculations  are  perfor¬ 
med  with  and  without  a  reactive  injected  flow.  Results  show  the  effect 
of  propellant  gas  on  the  shell  base  pressure  and  the  dead  air  area 
location.  This  approach  is  described  in  more  details  in  the  chapter  2. 
The  empirical  approach  is  based  on  gun  firing  test  results  and  consists 
in  analysing  the  shell  velocity  evolution  during  base  bleed  operating 
time.  The  computer  code  uses  a  simple  external  ballistic  model.  After 
some  gun  firing  tests,  radar  velocity  measurements  are  performea  in 
order  to  evaluate  total  aerodynamic  irag  coefficient  with  and  without 
base  bleed  effect.  Results  all  vw  to  determine  base  bleed  grain  efficiency 
according  with  a  shell  configuration.  This  approach  is  described  in  the 
chapter  3. 

Computed  results  of  these  two  investigations  are  used  to  compare  balli¬ 
stic  performances  of  different  base  bleed  configurations . 

Further  objective  of  this  project  is  to  establish  a  base  bleed  system 
data  base  by  means  of  results  obtained  with  these  computer  codes. 


2  .  THEORETICAL  APPROACH  OF  THE  PROJECTILE  BASE  FLOW 


The  complexity  of  base  pressure  calculation  for  an  axisymmetric  body 
even  without  stabilizing  fins  or  spinning  is  well  known. 

In  the  case  of  a  projectile  with  base  injection  of  chemically  reactive  gas, 
afterburning  leads  to  additional  problems.  The  objective  of  the  present 
work  is  to  compute  the  steady  re  ;ctive  flow  behind  the  rear  projectile 
(Figure  2).  To  solve  this  problem,  a  numerical  integration  of  Navier 
Stokes  equations  has  been  used.  In  fact,  this  computer  code  initially 
developed  to  simulate  Rocket  Motor  Plumes  has  been  modified  to  intro¬ 
duce  projectile  base  flow  concept. 


FIGURE  2  .  Shematic  of  base  area  flowfield . 


2.1.  Governing  equations 


The  original  Navier  Stokes  equations  are  averaged  and  completed  by  a 
(k-e  )  turbulence  model  and  a  simplified  combustion  model.  For  a  two 
dimensional,  axisymnietric,  steady,  turbulent  flow  the  governing  equat¬ 
ions  may  be  written  in  the  general  form  : 


9pu<£  _1  9 

9  x  r  9r 


(1) 


Where  $  represents  the  dependent  variable,  r®  is  the  appropriate  effec¬ 
tive  exchange  coefficient  fcr  turbulent  flow  and  S  $  is  the  corre¬ 
sponding  source  term.  The  definitions  of  rtf'  and  S$  for  the  different 
dependent  variables  (  $  )  are  listed  in  table  1. 

The  local  pressure  is  determined  using  the  equation  of  state  : 

k*=7 

P  -  eRT  l  it  (2) 

Where  R  is  perfect  gas  constant  ans  Y„  the  mass  fraction  of  specie  K 
and  its  molar  mass. 

The  relation  between  enthalpy  (H)  and  temperature  (T)  is  given  by 


H  -  —  ( vi 2  +  v2)  -  k 


Cp,  h*  and 


h*  + 


f 

J 


Cp.  dT 


(3) 


JT*  Cp . dT  are  given  by  tables  from  Ref.  [2]. 

The  gas  contains  seven  species  (CO,  C02>  H2>  H20,  HCL,  N2>  02)  and 

the  combustion  mode!  is  based  on  the  following  reaction  : 


Conserved  property 

$ 

Mass 

1 

0 

0 

x  momentum 

u 

h 

-t'ihkHih'k) 

r  momentum 

fl 

u 

-£+k(r'£htt{rirt;y? 

total  enthalpy 

H 

a 

■ 

0 

turbulent  energy 

k 

£ 

**  ^ 

fiG  -  r  6 

dissipation  rate 

i 

ft i 

(C,  |XtG-C2p  £)  i. 

K 

TABLE  1  -  Definition  of  termu 


The  atomic  conservation  equations  and  two  linear  relations  between  a 


passive  scalar  f  and  the  mass  fraction  Y 


02  and  YCO  +  YH2  prov:ide  the 


gas  composition  f  can  be  defined  as  the  "mixing  ratio"  and  it  is  conve¬ 
nient  [3]  to  assume  the  values  zero  and  unity  as  boundary  conditions,  f 
is  given  by  : 

..  H-  H.  (5) 


H, 


H 


Where  the  subscripts  00  denote  values  in  the  external  flow  and  b  the 
flow  through  exhaust  port. 


2.2.  Solution  procedure 

A  numerical  code  is  used  to  solve  the  elliptic  partial  differential  system 
of  equations  given  by  (1)  and  table  (1)  with  the  appropriate  boundary 
conditions. 

This  code  uses  a  numerical  scheme  due  tc  Patankar  [4]  with  a  modifica¬ 
tion  to  include  gas  compressibility  e'fect^.  In  the  numerical  code,  the 
flow  area  ABCD  (Figure  2)  is  divided  in  a  rectangular  grid. 


2.3.  Predictions 


Different  data  ..re  necessarv  to  calculate  the  flowfield  : 

-  Two  geometrical  parameters,  the  diameter  of  the  projectile  (D)  and 
the  diameter  of  tie  exhaust  port  (D^)  (Figure  2). 

-  The  altitude  (Y)  and  the  Mach  Number  (M°°)  of  the  projectile. 

-  Gas  composition  (CO,  C02>  H2,  H20,  HCL,  N2),  mass  flow  rate 

(Q^)  and  stagnation  temperature  (T^). 

A  series  of  computations  have  been  carried  out  for  105  mm  projectile  at 
Mach  Number  1,66  and  1,28  for  altitude  Y  -  1210  m  end  Y  =  3000  ra, 
respectively.  The  calculations  simulate  operating  conditions  of  an  expe¬ 
rimental  base  bleed  gas  generator.  The  injection  of  mass  flow  is  provid¬ 
ed  by  the  combustion  of  composite  propellant,  and  a  chemical  equilibr¬ 
ium  calculation  near  the  ambiant  pressure  gives  stagnation  temperature 
(l  ame  temperature)  and  combustion  product  composition. 


For  the  present  case  the  results  are  : 

T,  =  2290  K 
b 

x(  CO)  =  0,248  k(CO,)  =  0,0534  x(H2)  =  0,217 

x(H20)  -  0,256  x(HCL)  =  0,147  x»N9)  =  0,075  (molar  concen¬ 

tration  for  one  mol  of  gas) 

To  estimate  the  base  bleed  effect,  we  have  computed  the  base  pressure 
(pc)  wHh  the  following  assumption  : 

i  rR 

pc  =■—  I  2 71  rp.dr  (6) 

Jo 


Where  p  is  the  pressure  given  by  predictions  near  the  projectile,  S  its 
section . 


First  calculation  has  been  performed  without  injection  for  M°°=  1,28  and 
M  -1,66.  In  this  case,  Figure  3  shows  the  stream  function  contours 
and  Figure  4  the  pressure  function  contours  in  MP  .  The  results  are 

a 

presented  in  an  adimensionalized  coordinate  system  (X/D,  Y/D). 


FIGURE  3  -  Stream  function  contour's  without  injection.  Mach  =  1,66 


FIGURE  4  -  Pressure  function  contours  without  injection.  Mach  =  1,66 

Now,  an  injection  is  specified  (D^  =  30  ram)  with  =  18,5  g/s  for 

-  1,28  and  =  25,8  g/s  for  Ma>  =  1,66.  To  examine  the  afterburning 

effect  on  the  base  pressure,  we  have  considered  at  first  an  inert  flow 
(without  reaction  (4))  and  then  a  reactive  flow.  For  the  case  Mco  =  1,66 


and  -  25,8  g/s  Figure  5  shows  the  stream  function  contours  taking 

into  account  an  inert  flow  or  a  reactive  flow.  Figure  6  and  Figure  7 
show  the  pressure  function  contours  in  MPr  and  the  temperature  functi- 

cl 

on  contours  in  Kelvin  for  an  inert  flow.  Figure  8  and  Figure  9  show  the 
same  variables  for  a  reactive  flow. 


O 


I 
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FIGURE  9  -  Temperature  function  contours  with  reactive  flow 
Mach  =  1,66  Qb  =  25,8  g/s 


Table  2  gives  the  pressure  ratio  (pc/p  <*>)  for  the  different  cases  stu¬ 
died  with  this  computer  code 


Without  injection 

Qb  =  ° 

With  injection 

inert  fluid 

M-  =  1,28 

Y  =  3000  m 

Qb  =  18,5  g/s 

0,68 

0,77 

l 

0,85 

M<»  =  1,66 

Y  =  1210  m 

Qb  =25,8  g/s 

0,57 

0,69 

0,80 

TABLE  2  -  Pressure  ratio  (pc/p  => )  for  different  calculated  cases. 


3  .  EXPERIMENTAL  INVESTIGATION  :  GUN  FIRING  TEST  ANALYSIS 


3.1.  Description  of  the  method 

The  method  used  for  the  gun  firing  test  analysis  is  divided  in  two  main 
steps . 

Step  1.  We  determine  total  drag  coefficient  vs  Mach  Number  from  pro¬ 
jectile  velocity  on  its  trajectory. 


Step  2.  Comparing  total  drag  coefficient  with  and  without  base  bleed 
effect  enables  to  calculate  base  bleed  reduction  efficiency. 

For  each  total  drag  coefficient  calculation  the  block  diagram  of  modules 
is  the  same  as  the  one  presented  in  Figure  10. 


Input  :  experimental  velocity  vs  time  curve 


FIGURE  10  -  Block  diagram  of  modules 

The  function  of  each  module  is  briefly  described. 

Polynomial  smoothing  module  :  Experimental  velocity  curve  is  smoothed 
by  means  of  polynomial  functions.  At  each  time  step  in  the  cu^ve,  we 
calculate  smoothed  velocity  and  its  derivative  versus  time  (t).  Chan¬ 
ging  the  degree  of  polynomial  functions  allows  to  respect  a  given 
criterion  between  calculated  velocity  and  experimental  velocity. 

Module  of  total  drag  coefficient  calculation  :  total  drag  coefficient  may 
be  calculated  from  the  equations  of  an  external  balistic  model.  The 
projectile  motion  is  confined  to  the  XY-plane  and  is  given  by  the  equa¬ 
tions  of  motion  : 


Drag  equation  mV  =  -  mgsinO  -  -y  pro  .SRpF.V2.CD(M) 
Lift  equation  mV  8  =  -  mgcos  8 


(7) 

(8) 


Kinematical  relations  and  an  equation  of  projectile  mass  balance  for  base 
bleed  configuration  complete  this  model. 
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Initial  conditions  are  given  by  gun  firing  test  conditions  (elevation  and 
muzzle  velocity  measurements). 

The  calculation  procedure  is  as  follows.  Equations  (8)  (9)  and  (10)  are 
solved  using  a  Runge-Kutta  scheme  and  determine  x,y  and  0  variables. 
These  data  and  polynomial  smoothing  results  are  used  to  compute  total 
drag  coefficient  vs  Mach  Number  using  equation  (7).  Note  that  the 
projectile  mass  with  a  base  bleed  gas  generator  is  estimated  by  means  of 
propellant  mass  flow  calculation  (11). 


Module  of  trajectory  data  calculation  :  then  the  calculated  total  drag 
coefficient  curve  is  an  input  date.  Equations  (7)  (8)  (9)  and  (10)  are 
solved  using  a  Runge-Kutta  scheme  and  give  V,x,y  and  6  variables.  By 
an  iterative  procedure  we  adapt  total  drag  coefficient  in  order  to  res¬ 
pect  a  given  criterion  between  predicted  and  observed  velocity. 

The  comparison  of  total  drag  coefficient  with  and  without  base  bleed 
effect  is  based  on  the  Swedish  approach  of  Ref.  [5].  The  drag  coeffi¬ 
cient  of  the  projectile  during  base  bleed  operating  time  is  : 


CD  =  ' 
Where 


'DTOT 

C, 


CRED  x  CDBASE 


'D  =  total  drag  coefficient  with  base  bleed  effect. 

Cdtot  =  tota^  drag  coefficient  without  base  bleed  effect. 

^RED  =  ^ase  drag  reduction  factor. 

CDBASE  =  ^ase  drag  coefficient  without  base  bleed  effect. 

Cred  is  considered  as  a  polynomial  function  of  Mach  Number  and  of  an 

injection  parameter  I  defined  as  the  ratio  of  the  propellant  mass  flow 
through  exhaust  port  to  the  mass  flow  of  air  through  the  section  of  the 
shell  base. 

Then,  base  pressure  (pc)  may  be  calculed  from  the  expression  given  by 
Ref.  [5]. 


PC  =  Poo  [I  - 


(1 


CRED)  CDBASE 


SBASE/SREF 


0,7  .  M2] 


free  stream  pressure 


Where  p 
S 

^RED’  ^DBASE’  ^  =  ^,£d^s^c  data  from  the  range  calculation 


=  reference  area  and  base  area  of  the  projectile 
REF’  BASE  J 


3.2.  Some  examples 

These  results  are  proposed  to  illustrate  code  capabilities. 

Table  3  shows  an  example  of  velocity  comparison  for  a  155  mm  projec¬ 
tile. 


Time  of  flight 
(s) 

Experimental 

velocity 

Smoothed 

velocity 

Calculated 

CD  (M) 

Predicted 

velocity 

(m/s) 

0 

783.1 

783.0 

0.241  (2.30) 

783.1 

5 

610.2 

610.2 

0.274  (1.82) 

609.3 

10 

499.3 

499.4 

0.290  (1.51) 

493.2 

15 

423 . 1 

423.2 

0.311  (1.29) 

421.7 

TABLE  3  ~  Velocity  comparison 


Figure  13  shows  pressure  ratio  (pc/p°°  )  and  base  drag  reduction  factor 
^RED^  as  a  functi°n  of  injection  parameter  (1)  and  Mach  Number  (M). 

Ihe  method  to  determine  (Cgpg)  is  to  suppose  that  base  drag  coeffi¬ 
cient  without  base  bleed  effect  (^DgASE)  is  40  %  of  (^DT0T)  • 
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FIGURE  13  -  Pressure  ratio  and  base  drag  reduction  factor  versus 
injection  parameter  and  Mach  Number 


4  .  CONCLUSION 

Different  computer  codes  have  been  developed  in  order  to  study  effect¬ 
iveness  of  base  bleed  systems.  An  intensive  use  of  these  programs  will 
allow  to  quickly  perform  preliminary  design  of  base  bleed  grains. 
Calculations  are  computed  now  to  analyse  tendencies  or  to  compare 
results  of  different  base  bleed  configurations  by  acting  on  injected  mass 
flow  rate,  propellant  gas  composition.  Pressure  ratio  results  (pc/p°°  ) 
show  a  good  concordance  between  the  two  presented  methods. 

Further  studies  will  consist  in  improving  conditions  of  simulation. 

1  -  1  heoretical  approach  :  boat-tail  cone  effect,  comparison  with  wind 
tunnel  tests. 

2  -  Empirical  approach  :  good  knowledge  of  aerodynamical  data  such  as 
base  drag  coefficient. 
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